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Abstract

Research activities in the areas related to advanced energy technologies at Texas A&M
University will be discussed. Dr. Tsvetkov is an Assistant Professor at the Department of
Nuclear Engineering, Texas A&M University. His baseline research areas are the integrated
analysis of nuclear systems and development of methods and tools including integrated/
hybrid Monte Carlo-deterministic modeling and coupled neutronics-thermal-hydraulic
analysis. Subject-specific areas of interest include: direct nuclear energy conversion, high
temperature reactors, space power/propulsion, environmental and non-proliferation
aspects. Dr. Tsvetkov actively participates in a number of international research and
education programs sponsored by the US government, NATO and the European
Community. The purpose of the seminar is to highlight current research activities and
interests in order to identify potential interests for collaboration as well as outline specific
research areas like VHTR with advanced actinide fuels.
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Advances in nuclear technology through pioneering research and teaching excellence

High Fidelity System Modeling for Advanced Energy Technologies:
Methods Development, Concepts, Design, and Analysis

Dr. Pavel V. Tsvetkov
Nuclear Engineering, Texas A&M University

DISCLAIMER

® This presentation only introduces our research in the area we like to identify as
“High Fidelity System Modeling”. For details, let’s talk!

® The described efforts represent ongoing and future contributions of my students.

® Our efforts are possible because of our sponsors. Our sponsors also partially define
our research directions and applications
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ADVANCED ENERGY TECHNOLOGIES
RESEARCH

Nuclear

® 12 students since 2005 Sl teelalilE
1992 - ...

® 5M.S,, atleast6 Ph.D.s by 2012

® R&D - advanced energy systems,

— methods, tools development

M.S. — 1995 (Russia)

Ph.D. — 2002 (TAMU)
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® Advanced Energy Technologies

® Reactor Physics, T-H, Energy Conversion

® Integrated Analysis of Nuclear Systems

® Sensitivity/Uncertainty, Optimization

® Monte Carlo, Hybrid Methods, etc.

® HTGRs, Fast Reactors, DEC

® Advanced Fuel Cycles “? e
B

® Energy Sustainability

=

i
|

® Safety Analysis

® Information Technologies
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High Fidelity System Modeling for Advanced Energy Technologies

Why? What? When? How?
Observations

® The need for Big Picture representation?

® Analysis purpose and level? f

® Capturing the System Concept?

® Capturing the System Physics?

® Capturing the System Performance?

® Analysis Benchmark options? ‘

Department of Nuclear Engineering, Texas A&M University 10
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TOOLS &METHODS %!
® Coupled Analysis

Interests
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® Advanced High-Fidelity System Modeling

® Monte Carlo, Hybrid Methods, etc.

® HTGRs, Fast Reactors, New Systems

® Advanced Fuel Cycles AN
AVAVE

® Safety Analysis 9
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High Fidelity System Modeling for Advanced Energy Technologies
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. Continuun
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understanding applications
and prediction

Complex Systems

® Computational time

® Basic physics knowledge

® Amount of data to process and pass

® Integration/Optimization

(e g ENERGY SYSTEM = NUCLEAR SYSTEM + FUEL CYCLE
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High Fidelity System Modeling for Advanced Energy Technologies
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Advanced High-Fidelity System Analysis and Methods Development

Basic Data:

rial propertiess
huclear data;
uncertainties

Advanced High-Fidelity
System Modeling

Department of Nuclear Engineering, Texas A&M University 21



NUCLEAR ENGINEERING | TEXAS AxM*ENGINEERING PAVEL V. TSVETKOV

Nuclear Data for Higher Actinides

91 92

BaSic N‘ﬂ@/]ea’ Data T?f Pal U |Np PL{ Am|CrmiBk | Cf | Es |Fm(Md|No| Lr

2004 | 3L04 | 23803 § (7)) (44) | (243) | (247) ff (247) | (251) | (252) | (257) | (2s8) [ (259) | (262)

Decay Data

o;|lo,|v]va|n]alB

Np237

U234

Cross Sections e ® ENDF/B-6.8

Pu238
Pu239
Pu240

Neutron Yields e TP ¢ JEF22
. it v ® JENDL-3.3
Fission Spectra emzas T

Cm244

Cm245
Cm246
Cm247

Delayed Neutron Data  [cms

Bk249 ——
S o I @ Sensitivity/Uncertainty
Cf251

Covariance Matrices [e==

©® Modeling Reliability
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Nuclear Data for Higher Actinides

O 90 o1 92
Observations: s ecc e

® Inconsistent data sets y N ° EN[')FIB_&B
® Incomplete information ® JEF-22
@ Limited number of experiments \ 4 ® JENDL-3.3
BUT
® Sufficient for conceptual studies © Sensitivity/Uncertainty
© Modeling Reliability
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Advanced High-Fidelity System Analysis and Methods Development
NUCLEAR DATA FOR ADVANCED ENERGY SYSTEMS

D) B 90( 91 92
Decay Data ===l | |1y, |l P ook F | s [l o] L
. EEEES 23004 | 3104 | 23803 | (237) | (244) | (243) | (247) @ (247) [ (250) | (290) | (257) | (298) | (259) | (262)
® Cross Sections |ttt
== Challenges:
® Neutron Yields |- @ New Evaluations for MAs
. &= @ New Experimental Benchmark
® Fission Spectra = TR
= Problems (Criticality, Burnup)
@ Delayed Neutron Data
® Covariance Matrices [ Method/Code/Model V&V |5
® Sensitivity/Uncertainty e Experiment-to-Code
© Modeling Reliability ® Code-to-Code
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Approach — Data S/U

WHTR Pebble-Bed Model VTR Primmafic Cors lModel
HTE-AD Berchmark HTTE Benchmark

MatWeb (42,000 existing materials)

NIST (Ceramic Materials)

Ceramic Industry Database
AMPTIAC (Advanced Materials Data)
MATPRO Library

INSC Database

Transmutation Fuels Data (IAEA, ...)
Benchmark Problem Specifications

Etc.

- -

MAN

@ Sensitivity/Uncertainty

© Modeling Reliability
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TRISO Fuel Particle

Capturing System Details . |
® Micro-particle fuel _,_ii{*i;
Pebble/Compact | e |

¥
® Pebble Bed/Block Stack
® Core+Channels+Reflectors

TRISO Fuel Particle

Pyralylic Coating __——Porous Carmon Buffer

—

Silican Carbida Barier Coating . e Irurir Pyrabitic Coating

Accounting for Double-Heterogenetty

(LEU-HTR PROTEUS Cores 1 - 6, Cumulative Analysis)

Homogenized Fuel Compact

Fual Compact

Reaction Rate Ratio _ Relative Effect (%0)*
Epithermal-to-Thermal U Capture -(30-30)

Epithermal-to-Thermal U Fission -(9-11)

= Capture-to-~"U Fission
*Effects of the exact modeling are computed relative to the
simplified single-level macro-heterogeneity modeling.

TRISD Fuel Partiches
Homogenized with Graphite
Matrix

() Dawid £ Arman || Paesl V. Teesihoy
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Capturing System Details

® Micro-particle fuel

® Pebble/Compact

® Pebble Bed/Block Stack

® Core+Channels+Reflectors

Accounting for Double-Heterogeneity

(LEU-HTR PROTEUS Cores 1 - 6, Cumulative Analysis)

Reaction Rate Ratio | Relative Effect (%0)*
Epithermal-to-Thermal = C apture -(30-50)

Epithermal-to-Thermal ~U Fission

= Capture-to-~"U Fission -
*Effects of the exact modeling are computed relative to the
simplified single-level macro-heterogeneity modeling.

ABC-scheme
MICRO-cell

MACRO-cell

C-scheme

Shell

Moderator
pebble

Kernel
Coating
Matrix

Fuel
Shell

Moderator
pebble

Lattice void

Kernel
Coating

Matrix

Lattice void
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. . 4 50502
Approach — Modeling Details
. . Fuel block flux
® Micro-particle fuel 400802 1 44— | (3D whole-core
® Pebble/Compact exact geometry)
@ Pebble Bed/Block Stack 350802
Compact flux
® Core+Channels+Reflectors s (3D whole-core
£ . exact geometry)
TRISO Fusl Paitichs £ 300ED
]
Homogenioed Fusl Pebble E‘
. g Compact flux
e (Infinite lattice of
.«..‘.‘f,ﬁ,::‘l"r.f:?‘::.‘n. 1< compacts)
L > &
PR g L0080
< | Fuel kernel flux
o TRESD Fusl Partichs o | X (Infinite lattice of
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N— Y e S -
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O e sl Bl w
o
5 10060
hmpnu.-d Fusl Compaee | | I
. 5.00E-03
0.00E400 e - - AN .
100E04 100503 100E-02 100E-D1 100E+00 100E-D01 100E+02 100E+03 100E=D4 100E+05 100E+05 100E+07 1.00E+08
Energy [eV]
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Approach — Modeling Details OBJECTIVES

® Micro-particle fuel

@® Pebble/Compact

@ Pebble Bed/Block Stack

® Core+Channels+Reflectors

TRISO Fissl Pamticle

Homogenioed Fusl Pebble

TR Fusl Pamcies
i Teagptalinll Wil Go e
Matra

Optimization
Process

':'mu.cr Fiaal Particls PR Unce]'lainty stochastic

Distributions Model Performance

Sampling
Process
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Approach — Modeling Details

® Micro-particle fuel

@® Pebble/Compact

® Pebble Bed/Block Stack

@ Core+Channels+Reflectors

TRISO Fissl Pamticle

Homogenioed Fusl Pebble

Department of Nuclear Engineering, Texas A&M University
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Approach — Modeling Details

® Micro-particle fuel

@® Pebble/Compact
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Approach — Modeling Details

Potential Applications,
Operation Environment

® Micro-particle fuel

@® Pebble/Compact {v';r

® Pebble Bed/Block Stack | SYSTEM (Concept)

Reactor Physics Energy Conversion
® Core+Channels+Reflectors / 'L \

TRISD Fusl Parichs W
Nuclear Reactor |« Nucle stem {—)hl Energy Source D.:ESIQHS
" x 3 Concept esign . .
Multi-Physics Level | criticaiit \
f Long-Te peration
TERNES Vo At Dynamic Jl=fot
i Teagptalinll Wil Go e } 5‘
e Heat Removal Control Energy Transport
R Heat Rer
TRESD Fusl Particls
rena Pyrobyiic Costing
Components, Components,
I Environment | € > € 3 | Economics .
Scenarios
- - i
Homegenized Fus! Compact Darfarmannca - Performance
Traditional Systems Analysis ¢

POWER UNIT

Principal System Layout
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Benchmarks, Modeling Details

Fuel Assembly _C:::Iumn Reflector Column Control Rod Column
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.-‘I |
- |
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Benchmarks
® LEU-HTR PROTEUS

® HTTR Program
® HTR-10 Program
® FSV Data —— ——
Validation and Verification
® Other
(History e Experiment-to-Code
Data) ® Code-to-Code
@® Sensitivity/Uncertainty

® Modeling Reliability
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Optimization/S/U/Performanc

Lbile‘l
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ol Uias Phemem

afr o

Pl Bed

Hadial Kot

The bt S sirm

VHTR Prismatic Core Model
HTTR Benchmark

VHTR Pebble-Bed Model
HTR-10 Benchmark

90( 91| 92
Th|{Pa| U [Np|f Pu|Am|Cm|Bk | Cf | Es |Fm|Md|No| Lr
232.04 | 231.04 | 238.03 | (237 0| (249) | (2¢3) | (247) W (247) | (251) | (252) | (257) | (258) | (259) | (262)

Muclear Data Uncertainty

lngar I

A7

- 4hillh dennity of bspui 1

hMaterial& Environment

(State) Uncertainty Modeling Uncertainty

hlodel Uncertainty

Input Data Uncertainty
{Applications)

input 2

.
-

prababiliny deasiry of Epus 2
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Ultra Advanced Systems - Conceptual Studies

L e Y A T SR T TN AN N |

~80% - Kinetic Energy of FFs

Nuclear Fission

Energy Release

<

Energy Dissipation,
FP 3-Decay

lonization, Excitation, Dissociation

, Direct Gullectmn ]

1oL

Interaction Energy
Conversion

A
— Thermal Energy
””1}[ Conversion
v

Capturing System Concept — Direct Energy Conversion
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Capturing System Concept

2005 - MAGnetic NUclear System (FFMC, FEC)
2002 - U.S. DOE NERI DEC Proof-of-Principle Project

1999 - U.S. DOE NERI DEC Power Production Program
Fission Fragment Magnetic Collimator (TAMU
Spherical Fission Electric Cell (SNL)

1988 - Fission Fragment Rocket

1967 - Large Gas-cooled Reactor for Space

1965 - JPL Experiments for Fission Cells
1963 - Converter for Space
1957 - First Detailed Theoretical Study

1944 - Electricity from Kinetic Energy of Fission Fragments

el ——————— MG § —————Je+alf— Shinld e Llnar 3

1913 - Electricity from Kinetic Energy of Charged Particles

< Direct Energy Conversion — 92 years @
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THRUST




NUCLEAR ENGINEERING | TEXAS AxMAENGINEERING

PAVEL V. TSVETKOV

Direct Energy Conversion Systems
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~
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O
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Direct Energy Conversion Systems

Technical Challenges
@ Elements with Ultra-Thin Fuel Layers

@ Secondary Electron Suppression

@® Criticality and Long-Term Operation

@ Stability of High-Voltage Differentials
in Radiation Environment

@ Insulators for Radiation Environment

Department of Nuclear Engineering, Texas A&M University 40
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Direct Energy Conversion Systems

| ERERARERRRRRERERRR R R A e | A
Nuclear CRESNEN N EEEREEriar ety h 4.5m

Magnetic 14 m

N\ 4 " Focusing
Control & Heat : System 4%
Removal : Lt

Central Solenoid 59m

Conical Magnetic
Collimator

6-Stage VB-type |

Collector 14 m

Graphite
Reflector

Fuel

R E LD At 4.5m
Assembly Yorsnssaserrssespaanaaa iyl Y

i

< 21 m >
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Direct Energy Conversion Systems

Fuel Element - Graphite Fiber with Ultra-Thin Fuel Layer

Fraction of Fission Fragment Kinetic Energy
Escaping from a Fuel Element

1.000

Am-242m
Plutonium
U-235

o o o o e L o et o e et oo

Potential |
Fuels

0.975 -\
0.950 +

0.925

» : N\, Ideal FE 5 : : :
w 0.900 4 feoieeeee e e e A e e iy te Rmmaas ey
iy \

S 075§ |k N

0.850 § FING j : ; fooesce

0.800

0.775 - —
00 01 02 03 04 05 06 07 08 09 1.0 1.1
Thickness of the Fuel Layer, micron
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Direct Energy Conversion Systems

Fuel Element - Graphite Fiber with Ultra-Thin Fuel Layer

Critical Configuration A

[thicknass - 4 m)
Axial Vacwum Region
(height - 14 m)
Radial Vacuum Region
(thickness - 0.5 m)
Radial Reflector

(thickness - 4 m)

Critical Configuration B

Radial Vacuum Region
{thickness - 0,25 m)

Reactor Core

(0.1% Unat.,99.59%WGPu)C

= Axial Reflector

{radius - 10 m,
haight - 20 m)

Axial Vacwum Region
(haight - 14 m)

(thickness - 4 m)
Axial Reflector
(thickness - 4 m)

Axial Vacuum Region
{height - 16 )

Radial Vacwem Reglon
(thickness - 0.5 m)

Radial Reflector
(thickness - 4 m)

(0.1% Unat., 99.9% Am-242m)C l

Reactor Core
{radius -9 m,
haight - 18 m}

. "y by Htiahin Fingrasny
A-A Y

Vil A ksl 1

) Coomsbrod Mo Fomd bioses:

i Fliflnd Bad Higgein

100% Am-242m, Helerogensous 20% Er-167
B8 BC Control Rods [24:84) in the Graphite Reflecior

Reactor Core

{radius - 3m,
haight - 4.5 m)

Axlal Vacuum Reglon
(haight - 16 m)

Axial Reflactor
{thickness -4 m)

Critical Configuration C

For All Canfigurations:

Triangular FE Lattice
Pitch - 10 cm

Fuel Elemaent:

Tube, Fuel Layer - 1.5 micron,
Wall - 3 micron
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Direct Energy Conversion Systems

:
Fuel |« » ~90 %
Thermodynamic Fuel Element |€———» ~74%
Cycle
cANDU ¥ v
‘-3& % I-t— Nuclear Reactor Core |«—>» ~99 % b Energy
~34 %, t T Conversion
HTGR
| ~50 % Conical Magnetic Collimators [<—>| ~94 %
HTGR-H2 VB-type Direct Energy Collectors j«>» ~89 %
[ ~70 % ;
! ~55 %
> ~65 % |

~10 %
e *72'@ :}-90%

i > ~79%
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Interstellar Medium

MAGNUS - Space Power and Propulsion

® High-efficiency DEC
High specific impulse
Long-term operation
Absence of chemical propellant
Absence of thermal energy conversion
@ Absence of moving components

o
el MAG NS ———————————— Tt — Shild e User 3
{
|
]
|
|

|FF8|

THRUST
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4000 MW 10-tons MAGNUS-driven Probe

@ Oort Cloud
“m .- 3

Edge

Edge
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. of o—Centauri
Local - G Cloud?

i v S RN B
- T erCentaurio 10
Mission:

43 years

Interstellar Medium

Termination Sho

BowShock
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e
R,
~ CHEREL
)
|

HHEW .- WEEE
L], | FEAe
HHFN - .
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&

i__()%' of the speed of light
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Direct Energy Conversion Systems

— L Ultra-High Vacuum Chamber_  2-Stage Venetian -Blind

s A e CTELOTRON ST - Direct Energy Collector
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EENICR Prototype Concept
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Very High Temperature Reactors for Advanced
cath’éa(Fresh)

i ﬁ e PWR

3.75 Percent LEU
: Burnup=41,200 MWd/MTHM
B e : Cooled for 23 years

(Reference PWR Spent Fuel Vector)

Partitioning/Separation
Reprocessing

~ 100 Percent Efficiency

;
: SNF (PWR)
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Utilization of Minor Actinides as a Fuel Component for
Ultra-Long Life VHTR Configurations: Designs,
Advanitages, and Limitations

@ 3D Core/System Model

Benchmark Suite (Experiment/Code)

V&YV of VHTR Models

Uncertainty/Performance

Optimization (OTTO, T,....NminBmax:APrmin)

Dynamics, Safety, Non-Proliferation

O e ! Department of Nuclear Engineering, Texas A&M University 49
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Utilization of Minor Actinides as a Fuel Comjponeni for
Ultra-Long Life VHTR Configurations: Designs,
Advanitages, and Limitations
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Environmentally Benign Sustainable Fuel Cycles
LEU(Fresh)N®,
!
PWR
N, —2 >N
(Variable PWR Spent Fuel Vectors) Yucca Mountain
= Repository
Nfﬂ—lsw (PWR)
-
/@m] o ﬁ};@

Partitioning/Separation

Reprocessing ; = 0.ain) & oy i) -iﬁzté-&;
e = — = - = Miiiii}
Vo —[Nom + N | [ \Vaw  +Naw
!
|

T e | Ao
z (e 1 )

Fabrication

R L I e
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Environmentally Benign Sustainable Energy Systems

SUCLEAR POWER PLANT
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Earth Climate Fluctuations and Nuclear Energy Systems

Multi-Stage Turbine

H

-
‘ ' | Electro-Generator

Condenser System

T oy =

Feed Water { I

Pump ===
Condenser
Nuclear P System

Feed Water Heaters “—_[;;[":"]:/

Reactor
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Next Generation Nuclear Power Plant (NGNP) Project

P ——

i
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Modeling-Based

Design
Development

® Coupled 3D modeling
A——
® Performance optimization | . |
-——T-—--
® 3D model geometry flexibility —

Ganerefor

® System life-cycle simulation

® Safety analysis

® Confirmation of inherent safety

® Economics model
® Environment interactions model

® Concurrent engineering

Advanced High-Fidelity System Modeling

Department of Nuclear Engineering, Texas A&M University 55
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® Federal Programs

@ Laboratory-Directed R&D

@® Industry Collaboration

Department of Nuclear Engineering, Texas A&M University 56
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ADVANCED ENERGY TECHNOLOGIES
RESEARCH

Self Introduction (Who am 17?)

Interests @F} e
Em

Capabilities S @

Research Directions

Conclusions
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POTENTIAL COLLABORATION
VENUES - B

Joint efforts T

Projects

Proposals

Student internships

(leading to M.S. and Ph.D. or for
development only)

® Multi-year efforts

g (S mmntes ® Undergraduate student participation

e — j
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CONCLUSIONS

® Expertise and capabilities

Areas of common interest

Workforce development

Academics efforts

THANK YOU

WHIR Pebble-Bed Model  VHTR Prismaic Cors Model
KTRAL Barchrarh HTTR Berchrark
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High Fidelity System Modeling for Advanced Energy Technologies

Why? What? When? How?

QUESTIONS?

ll I Department of Nuclear Engineering, Texas A&M University 60
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