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4. NEW REACTOR DESIGNS AND TECHNOLOGIES

This program element focuses on two of the NE long-term R&D goals.  The first of these
goals addresses the need to develop advanced nuclear reactor technologies that will allow the
deployment of highly safe and economical new nuclear power plants that would be a
competitive electricity production alternative in the U.S. and foreign markets, while being
responsive to environmental, waste management, and proliferation concerns.  The second
addresses the need to develop instrumentation, controls, information management and
decision making tools for use in nuclear power plants that employ or adapt the latest
technological advances in digital instrumentation and controls, communications and man-
machine interface technology including micro-analytical devices and/or smart sensors, on-
line signal validation and condition monitoring.

As noted in the long-term R&D goals, competitive nuclear plant costs are necessary to
restore nuclear power as a viable option to help meet our future electrical power demands.
Therefore, this program element also includes projects intended to identify and evaluate
alternative methods, analyses, and technologies to reduce the costs of constructing future
nuclear power plants.

Additionally, this element includes research projects to improve the intrinsic proliferation
resistance qualities of advanced reactors and fuel systems.  Possible technology opportunities
and subjects of investigation include alternative proliferation resistant reactor concepts,
systems that minimize the generation of weapons usable nuclear materials (e.g., Pu-239) and
waste by-products, or systems that increase energy extraction from and utilization of
plutonium and other actinide isotopes generated in the fuel.

Project selected under this element involve the investigation and preliminary development of
advanced reactor and power conversion system concepts that offer the prospect of improved
performance and operation, design simplification, enhanced safety, and reduced overall cost.
They also include innovative reactor, system, or component designs; alternative
energy/power conversion cycles, advanced instrumentation and control systems; or other
important design features and characteristics.

Specifically, projects involving advanced reactors under this program element address,
among other items, the characteristics, principal attributes, feasibility, safety features,
proliferation resistance, economic competitiveness, and additional research that may be
required.  These reactor concepts include advancements in light water reactor technology to
achieve higher performance or development of other higher temperature advanced reactor
designs for higher efficiencies.  These concepts also include compact or modular reactor
designs suitable for transport to remote locations, alternative energy production or co-
generation reactor applications.  Desirable features include long-lived reactor cores that
minimize or avoid altogether the need for refueling and concepts that maximize fuel burn-up
or employ advanced energy conversion technology.
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Application of Innovative Experimental and Numerical Techniques for the
Assessment of Reactor Pressure Vessel Structural Integrity

PI: T.Y. Chu, Sandia National Laboratories (SNL)

Collaborators: U.S. Nuclear Regulatory Commission (NRC), Organization for
Economic Cooperation and Development (OECD)/Nuclear Energy
Agency

Project Start Date: August 1, 1999 Projected End Date: September 30, 2002

Project Number: 99-0018

Research Objective

The lower head of the reactor pressure vessel (RPV) can be subjected to significant thermal
and pressure loads in the event of a core meltdown accident.  The mechanical behavior of the
reactor vessel lower head is of importance both in severe accident assessment and the
assessment of accident mitigation strategies.  For severe accident assessment the failure of
the lower head defines the initial conditions for all ex-vessel events, and in accident
mitigation the knowledge of mechanical behavior of the reactor vessel defines the possible
operational envelope for accident mitigation.  The need for validated models of the lower
head in accident scenarios is accomplished by well-controlled, well-characterized large-scale
experiments simulating realistic thermal/mechanical loads to the reactor pressure vessel.

This project consists of both experimental and analytical efforts in investigating the structural
integrity of reactor pressure vessels.  Experiments simulating the thermal/mechanical loads to
a reactor pressure vessel generate data that can be implemented into a finite element code,
such as the commercially available code ABAQUS, to assess the ability of the code to
capture the response of the pressure vessel to severe accident conditions.  In addition, the
pressure vessel material (SA533B1 steel) used in these experiments is prototypic of reactor
pressurized water reactor vessel material and is well characterized by material property
testing as part of this program.

The Nuclear Energy Research Initiative (NERI)/NRC/OECD sponsored program consists of
eight international partners: Belgium, Czech Republic, Finland, France, Germany, Spain,
Sweden, and the United States.  U.S. support is provided by the NRC and the Department of
Energy NERI program.  This experimental/analytical program builds on the
accomplishments of a previous NRC-sponsored Lower Head Failure (LHF) program
(NUREG/CR-5582).  The current program is referred to as the OECD Lower Head Failure
(OLHF) program to distinguish it from the previous program and to recognize the
international participation of the OECD.
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Research Progress

The purpose of the OLHF project is to investigate lower head failure for conditions of low
reactor coolant system (RCS) pressure (2-5 MPa) and prototypic temperature difference
across the vessel wall (∆TW) (200K-400K) where the previous NRC sponsored research
investigated the condition of high RCS pressures and small ∆TW.  Low RCS pressure is
chosen because of the desire to use the data to develop models for assessing accident
management strategies involving RPV depressurization.  Pressure transient data is useful in
assessing the effect of water injection as part of an accident management strategy.  Prototypic
∆TW is important because the need to provide data where stress redistribution in the vessel
wall (as a result of decreasing material strength with temperature) is important.

The OLHF experiments are being performed using 1 to 4.85 linear scale models of a typical
PWR lower head.  Below is a picture of the OLHF test assembly.  The test vessel is
geometrically scaled to a typical PWR reactor to preserve the membrane stress.

Transducers

Attachment
to vessel

Cables

Structure
supporting
pulleys

OHLF Test Assembly
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The test vessel consists of a 91.4-cm ID, nominally 70-mm-thick SA533B1 steel hemisphere
welded to a 45-cm upright cylinder assembly closed off on top by a blank flange.  The vessel
is heated from within with a unique induction-heated graphite-radiating cavity.  Large ∆TW is
achieved by increasing (with respect to geometrical scaling) the wall thickness and leaving
the wall un-insulated.  The membrane stress is preserved by increasing the test pressure by a
factor corresponding to the wall thickness distortion (RW), i.e., Ptest = RW • PRCS.  The
prototypical material for U.S. PWRs, SA533B1, was used to preserve material behavior.
There are a total of five tests planned, two of which have already been performed.  Both of
these were conducted at constant RCS pressure tests.  The bottom of the test vessel was
uniformly heated for both the OLHF-1 and OLHF-2 tests.  The equivalent RCS pressures for
OLHF-1 and OLHF-2 were nominally 5 MPa and 2 MPa.

An extra vessel was fabricated from the SA533B1 steel from which samples were prepared
for material property testing.  This material underwent essentially the same heat treatment
and work history as actual test vessels to minimize variability in material properties.  Five
tensile tests were performed at high temperature (925 K to 1275 K) and 21 creep tests were
performed at about 75 percent and 95 percent of yield stress at high temperature (925 K to
1275 K).  Two replicate creep tests were performed to provide a means of assessing the
reproducibility of test results.  Supplemental tests will also be performed by several of the
OECD partners to extend and/or verify the database.  The results of these tests are used to
construct a constitutive model for implementation into structural analysis models.

Planned Activities

The test matrices for the remaining three tests are still evolving.  Future tests will consider
the effects of pressure transients as well as the effects of vessel penetrations.  Also of interest
is the effect of a pressure transient in the phase transition temperature range.

Analyses of the first tests are underway.  Finite element simulations for each test will be
performed at SNL using the commercially available ABAQUS code.  The thermal data
collected for each test is analyzed and implemented into the finite element method
calculations.  Additional analyses will be performed by several of the participating partners
and a benchmark calculation has been proposed for at least one of the tests.

Simple “engineering” methodologies are required in Severe Accident Codes (e.g., MELCOR,
SCDAP/RELAP5, and MAAP4) that model the full sequence of events that occur in a core
melt accident.  It has been demonstrated (NUREG/CR-5582) that the creep-based methods
utilizing the semi-empirical lifetime rule nominally correlate both the time for onset of creep
and failure times observed in the NRC-sponsored LHF tests.  It is important to extend the
methodology to the OLHF tests, namely applications with large through-wall temperature
gradients resulting in significant redistribution of internal stress from the hot inside surface to
the cooler outside surface of the lower head.
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TThhee  SSeeccuurree  TTrraannssppoorrttaabbllee  AAuuttoonnoommoouuss  LLiigghhtt  WWaatteerr
RReeaaccttoorr——  SSTTAARR--LLWW

((IIRRIISS  PPrroojjeecctt))

PI: Mario D. Carelli, Westinghouse Electric Company LLC

Collaborators: University of California – Berkeley; Massachusetts Institute of
Technology; Polytechnic Institute of Milan, Italy
Additional IRIS Team Members: British Nuclear Fuels Limited
(BNFL), United Kingdom; Commissariat a l’Energie Atomique
(CEA), France; Japan Atomic Power Company (JAPC), Japan;
Mitsubishi Heavy Industries (MHI), Japan; Tokyo Institute of
Technology, Japan; Bechtel Corporation; University of Pisa, Italy

Project Start Date: August 1999 Projected End Date: September 2002

Project Number: 99-0027

Research Objective

This program, currently known as the International Reactor Innovative and Secure (IRIS)
project, has the objective of investigating a novel type of water-cooled reactor which can
satisfy the four objectives of the Generation IV reactors:  proliferation resistance; enhanced
safety; improved economics; and reduced waste.  The research objectives over the three-year
program are as follows.

• First year:  Assess various design alternatives and establish main characteristics of a point
design.

• Second year: Perform feasibility and engineering assessment of the selected design
solutions.

• Third year: Complete reactor design and performance evaluation, including cost
assessment.

IRIS is an integral, modular, water-cooled reactor.  In order to be economically competitive,
the small size IRIS has to be deployed worldwide, and therefore, an international consortium
has been formed to design and promote IRIS.  The original proponents, Westinghouse,
University of California–Berkeley, Massachusetts Institute of Technology, and Polytechnic
of Milan were joined at various times during the first year activities by:  CEA, BNFL, MHI,
JAPC, the Tokyo Institute of Technology, Bechtel, and the University of Pisa.  All of the
additional participants and the Polytechnic of Milan are working under their own funding.
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Research Progress

Various design alternatives have been examined and, at the end of the first year, an IRIS
configuration has been established which would be developed into a conceptual design
during the second year.  Parametric studies indicated that a core lifetime of the order of eight
years without shuffling or refueling was about the highest attainable within the specified
enrichment limitation and still having reasonable power ratings to yield an economic design.
Various types of fuels were considered in terms of form (oxide, carbide, nitride, metal) and
of element composition (uranium [U], plutonium [Pu], thorium [Th]).  The selection was
narrowed to enriched uranium oxide and mixed oxide (MOX) fuels.  The choice between the
two is mostly programmatic, since they have similar performance and economic
characteristics.  IRIS will be able to operate with either one and, since the entire core is
changed at end of life, it is possible to switch from a UO2 to a MOX core and vice versa.
Presently a UO2 core is considered for domestic deployment, while the option to use MOX
fuel is of interest to the international members of the IRIS team.  Various types of cladding
materials were considered and the choice was an advanced zirconium (Zr) alloy for burnup
lower than 100,000 MWd/ton (current IRIS design) and stainless steel for higher burnup
(attainable in future IRIS modules with a fast spectrum).

Core neutronics analyses were performed and indicated that a long (eight years) core life was
indeed attainable with the tightly packed (triangular pitch, pitch to diameter ratio [p/d] = 1.1)
core lattice envisioned in the proposal.  However, the core void reactivity coefficient was
positive at the end of life for both UO2 and MOX fuels and throughout life for MOX.  On the
other hand, parametric studies indicated that high burnup was also obtainable for well-
moderated cores with lattices having a p/d (triangular) of the order of 2.0.  In the absence of
chemical shim, well-moderated lattices yielded negative void and overall power reactivity
coefficients throughout life.  At the end of the first program year, effort was therefore
moving in two directions:  for the reference IRIS core, determination of the characteristics of
a well moderated core; and, for a future, more advanced IRIS design, determination of the
type of configuration yielding negative power coefficients in tight lattices (alternate layers of
Th and U seem quite promising, and the use of Th further improves proliferation resistance).

Tradeoff studies were performed to assess the impact of full natural circulation, degree of
boiling allowed in the core and lowering of the reactor inlet temperature.  It was determined
that full natural circulation would have a negative impact on the plant cost and performance
(excessively tall vessel in single phase and excessive degree of boiling in two-phase) while
the advantages of lowering the inlet temperature were overshadowed by the negative effect
on plant efficiency and steam generator performance.  The chosen solution was to have
“aided natural circulation”; i.e., forced single-phase convection plus a sufficient degree of
natural circulation (preliminarily estimate is 20 percent) for not exceeding design limits in
case of a loss of flow accident.
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A preliminary layout of the integral vessel has been completed, as shown in figure below,
and sizing of steam generators is in progress.

Layout of IRIS Integral Vessel for a 100 MWe Module
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In a tight lattice configuration, heat transfer to the coolant is critical.  Thus, an investigation
has been conducted to identify novel rod geometries, which offer a larger heat transfer area
than conventional cylindrical rods.  A variety of geometries were considered starting from
cylindrical rods as a reference and moving to annular rods, cylindrical rod inside an annulus,
cylinder in an octagon and various polygonal shapes obtained by using the mathematical
tiling theory.  Spacers considered were grid, wire wrap and bearing pads.  Performance was
established in terms of pressure drop, critical heat flux, cladding temperature distribution and
fuel centerline temperature.  The chosen reference configuration is a conventional wire
wrapped cylindrical rod in a hexagonal array.  The backup is a more exotic arrangement of
hexagonal fuel pins in a triangular array.  The backup design has lower pressure drops, larger
critical heat flux (CHF) margin (by a factor of two), lower fuel temperature and more
uniform circumferential temperature than the reference design.  A computational fluid
dynamics (CFD) approach to calculate temperature and flow distribution in exotically shaped
channels was initiated.

A preliminary cost evaluation has been conducted which shows that IRIS is competitive with
other nuclear and non-nuclear power sources over a large range of internal rate of return
(IRR) values.

Planned Activities

Activities planned for the second year are those necessary to arrive at a conceptual design.
They will include:

• Sizing of the main components (vessel, steam generators, pumps).
• Preliminary assessment of the balance of plant requirements and characteristics.
• Completion of the core neutronics and thermal-hydraulic evaluation.
• Assessment of maintenance optimization options to lengthen the time between scheduled

shutdowns (since refueling outages occur only every eight years, the IRIS goal is to limit
maintenance outages to once every four years or longer).

• Assessment of the reactor system delivery and disposal.
• Preliminary cost evaluation from a bottoms-up approach.

One very important IRIS feature is its approach to safety where accidents are prevented by
design, rather than coping with and minimizing their consequences by active or passive
means.  The practical implementation of this approach will be addressed in the second year
of effort.
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MMoonniittoorriinngg  aanndd  CCoonnttrrooll  TTeecchhnnoollooggiieess  ffoorr  tthhee  SSeeccuurree  TTrraannssppoorrttaabbllee
AAuuttoonnoommoouuss  RReeaaccttoorr  ((SSTTAARR))

PI: Hussein S. Khalil, Argonne National Laboratory

Collaborators: Lawrence Livermore National Laboratory, Texas A&M University

Project Start Date: August 1999 Projected End Date: September 2002

Project Number: 99-0043

Research Objective

A new reactor and fuel system concept designated as the Secure Transportable Autonomous
Reactor (STAR) has been proposed for meeting the needs of developing countries for small,
economical nuclear power stations while at the same time addressing proliferation concerns.
This NERI project supports this goal through development of operations monitoring, control
and remote surveillance strategies that exploit the passive safety and autonomous operation
attributes of the STAR plant, and development and demonstration of advanced technologies
for implementing these strategies such that operational reliability and nuclear materials
security are assured.  Specific objectives of the research are to simplify active control and
safety protection systems, minimize reliance on on-site operating staff, and assure high levels
of operational safety, reliability and facility security.  Research tasks include: evaluating the
ability of candidate STAR plants to operate autonomously with minimal reliance on active
control for load adjustment and burnup reactivity compensation; identifying design and
operating features that enhance operational autonomy and passive safety; developing
simplified control strategies on the basis of the passive plant response; and developing and
demonstrating computer-based technologies for remote monitoring of operational and
safeguards information at centralized surveillance facilities.

Although proposed in the framework of the STAR system development effort, the research
addresses issues of fundamental importance to the operation of passively safe and
autonomous plants.  Resolution of these issues will increase the immunity of passively safe
plants to operator and control system errors and will provide a technical basis for reducing
the cost of plant control and safety protection systems.

Research Progress

First year accomplishments include:

• Autonomous Operability of Star Designs : The startup, load and unprotected upset
behavior of the liquid metal (lead-bismuth eutectic [LBE])-cooled STAR design concept
were analyzed using a computer code specifically adapted for these evaluations.  The
STAR-LBE concept (see figure below) is substantially simpler than conventional
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STAR-LM Simplified, Modular, Small Reactor
Featuring Flow-thru Fuel Cartridge

sodium-cooled liquid metal reactors in that it employs no intermediate heat transport loop
(steam generator modules are placed in the LBE pool within the reactor vessel) or
primary coolant pumps (natural convection is used for primary system heat transport).
Initial results verified that plant startup objectives could be met without active adjustment
of primary flow, by using control rod reactivity, feedwater flow, and steam pressure to
control the plant.  In addition, a simplified control strategy for responding to load changes
while yielding acceptable primary- and secondary-system temperatures was formulated;
this strategy controls reactor power solely through the use of feedwater flow rate and
steam pressure in the secondary system.  Preliminary analysis of unprotected upset
conditions showed that the most limiting transient is the reactor chilling event; it appears
that this event can be accommodated, provided sufficient bypass flow around the steam
generator has been designed for should the primary coolant in the steam generator freeze.

• Analyses of water-cooled STAR
system concepts were also initiated
to evaluate the feasibility of
maneuvering core power without
use of control rods.  Preliminary
results derived with a simple plant
model indicated that with a
pressurized water (non-boiling)
reactor concept, the power
coefficient is probably too large to
allow full-range power maneuvering
without exceeding primary-side
thermal-hydraulic limits.  A boiling
water concept was also evaluated
and shown to provide significantly
greater potential for maneuvering
within the power range without
using control rods.

• Remote Monitoring System Design:
A remote monitoring system design
was developed to meet anticipated
security and operational monitoring
requirements for a STAR plant.  A
schematic illustration of this system
is shown in below.  In this system, key plant security signals are acquired, digitized,
encrypted and sent via the communication system to the remote monitoring site.  Security
requirements were defined assuming all persons with normal access to the plant may be a
threat.  Accordingly the security requirements start at the sensors and extend through the
communications system.  Many of the sensors have dual use for security and operation
(e.g., reactor temperatures and flux levels), while others are dedicated to security (e.g.,
motion or volume sensors, video cameras, etc.).  This data is transmitted to the remote
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site with a sampling rate appropriate to the data, but no more frequently than once each
second.  This data would be monitored at the remote site essentially in real time and
would be stored for trending displays and additional analyses.  Features to thwart
potential attempts to subvert the monitoring system include limiting access to system
components and use of a robust combination of tamper detecting devices and information
analysis capabilities based on “machine intelligence” techniques.

• Initial Demonstration of Remote Reactor Monitoring:  A basic capability for remote
monitoring of the Texas A&M University Nuclear Science Center Reactor (NSCR) was
developed and implemented.  This capability uses standard hardware components and a
software package (LabVIEW) available from National Instruments Co. for data and
image acquisition, information analysis and storage, and remote monitoring of this
information on the World Wide Web.  The new hardware and software were installed to
provide a capability for internet-based viewing of the NSCR main control room console,
the fuel and water system temperatures, and the reactor log and linear power readings.  In
addition, a video-based surveillance system for Internet viewing of the NSCR core has
been designed and partially implemented.  The required video equipment was procured
and interfaced with the LabVIEW software for display at the monitoring site using a
standard web browser.  Since the transfer of video images requires substantial computer
memory and data transmission bandwidth, approaches for enhancing the efficiency of the
monitoring system design (e.g., a system employing LabVIEW applications at the
monitoring site) are currently being investigated.
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Planned Activities

STAR system design features that enhance operational autonomy will be investigated during
the remainder of the project.  For the liquid metal (LBE)-cooled STAR plant, additional
analysis is needed to characterize and confirm adequacy of startup behavior at very low
power (<1 percent rated power), verify the adequacy of safety margins for unprotected upset
conditions, and optimize the design parameters and operating conditions of the core and the
steam generator modules to provide the desired load follow behavior while satisfying passive
safety criteria and cost minimization goals.

Future efforts related to the light water cooled STAR system will be focused on the boiling
water reactor option, because this option is judged at present to offer greater potential for
power maneuvering over the full power range without use of control rods.  Efforts planned
for the second year include: evaluation of desired reactivity coefficient magnitudes and core
design implications; implementation of appropriate two-phase models for evaluating
autonomous control strategies in boiling water systems; and adaptation of control algorithms
and operating modes previously developed [e.g., for the Simplified Boiling Water Reactor
(SBWR)] or implemented (e.g., for the Dutch 183-MWt Dodewaard natural convection
BWR) to the unique requirements and features of a water-cooled STAR system.

Future efforts on remote monitoring of STAR plants will be directed to further development
of the monitoring system design.  Data communication alternatives will be evaluated to
determine the performance/cost tradeoffs and to choose the most favorable option for STAR
remote monitoring applications.  In addition, requirements for ensuring reliability and
authenticity of the monitored information will be formulated, and the technologies meeting
these requirements will be identified and incorporated in the monitoring system design.  An
integrated demonstration of the monitoring system, using the Texas A&M Nuclear Science
Center reactor is planned for the third year of the project.
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RRiisskk  IInnffoorrmmeedd  AAsssseessssmmeenntt  ooff  RReegguullaattoorryy  aanndd  DDeessiiggnn
RReeqquuiirreemmeennttss  ffoorr  FFuuttuurree  NNuucclleeaarr  PPoowweerr  PPllaannttss

PI: Stanley E. Ritterbusch, Westinghouse Electric Company

Collaborators: Sandia National Laboratories, Idaho National Engineering &
Environmental Laboratory, Massachusetts Institute of Technology,
North Carolina State University, Duke Engineering Services Inc.,
Egan Associates

Project Start Date: August 20, 1999 Projected End Date: March 19, 2002

Project Number: 99-0058

Research Objective

Research for this project addresses the barriers to long-term use of nuclear-generated
electricity in the United States.  In addition, the Electric Power Research Institute has
continued to perform studies on the cost of coal, gas, and nuclear-generated electricity. To be
competitive, the cost for the nuclear option would have to decrease to the range of 3
cents/kilowatt-hour over the next two decades.  Correspondingly, the total plant capital cost
of a typical Advanced Light Water Reactor would have to decrease by about 35 percent to 40
percent, and the construction schedule would have to be shortened to about three years.

In response to the above developments, the Westinghouse Electric Company (formerly ABB
Combustion Engineering Nuclear Power) initiated a cooperative proposal with the goal of
meeting the above cost reduction targets for new nuclear power plant construction.  The
vision for this cooperative effort is to meet the cost-reduction goals through implementation
of new technology and innovative approaches to the design and licensing of new nuclear
power plants.  DOE approved three separate projects, which have similar overall objectives
of reducing nuclear power plant costs.  These three projects are “Risk-Informed Assessment
of Regulatory and Design Requirements for Future Nuclear Power Plants” led by
Westinghouse, “Smart Nuclear Power Plant Program” led by Sandia National Laboratories,
and “Design, Procure, Construct, Install and Test Program” led by Duke Engineering &
Services.  The Risk-Informed project, covering 2-1/2 years, includes two basic tasks: (1)
“Development of Risk-Informed Methodologies” and (2) “Strengthening the Reliability
Database.”  The primary benefit of this project is the development of innovative methods for
an all-new, highly risk-informed design and regulatory process.

Research Progress

Shortly after initiating this project, team members established the principal strategies
required to achieve the project’s cost reduction goals.  It was agreed that a very basic and
significant change to the current method of design and regulation was needed.  That is, it was
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believed that the cost reduction goal could not be met by fixing the current system (i.e., an
evolutionary approach) and a new, more advanced, approach for this project would be
needed.  It is believed that a completely new design and regulatory process would have to be
developed – a “clean sheet of paper” approach.  This new approach (figure below) would
start with risk-based methods, would establish probabilistic design criteria, and would
implement defense-in-depth only when necessary to meet public policy issues (e.g., use of a
containment building no matter how low the probability of a large release is) and to address
uncertainties in probabilistic methods and equipment performance.  This new approach is
significantly different from the Nuclear Regulatory Commission’s (NRC) current risk-
informed program for operating plants.  For our new approach, risk-based methods are the
primary means for assuring plant safety, whereas in the NRC’s current approach, defense-in-
depth remains the primary means of assuring safety.

The New Regulatory Framework Driven by Probabilistic Analyses

The primary accomplishments in the first year of this project include:

• Development of a new, highly risk-informed design and proposed regulatory framework.
• Establishment of the preliminary version of the new, highly risk-informed design process.
• Core damage frequency predictions showing that, based on new, lower pipe rupture

probabilities, the emergency core cooling system equipment can be reduced or eliminated
without reducing plant safety.

• The initial development of methods for including uncertainties in a new integrated
structures-systems design model.

Under the proposed new regulatory framework, options for the use of “design basis
accidents” were evaluated.  Whereas, in the current regulatory process, the design basis

Goal

Approach

Strategies

Protection
of the Public

Evaluate Risk Against 
Safety Goals

Tactics

Implementation for
Regulation & Design

Use PRA to Quantify
Risk and Uncertainties

Develop Regulatory Criteria for Design,
Operation, Inspection, Maintenance,
and Testing of Required Elements.

Identify Required Regulation based on
Master Logic Diagram

Limit Core
Damage Frequency

(Level 1 PRA)
GOAL:  Probability of
Core Damage < 10-4

 Mitigate Releases 
of Radionuclides

(Level 2 PRA)
 GOAL:  Conditional
Probability of Large

Release < 0.1

Mitigate
Consequences
(Level 3 PRA)

GOAL: Conditional
Probability of Early Fatality

or Latent Cancer < 0.1 
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accidents and their evaluation are primarily deterministic, it is expected that design basis
accidents would be an inherent part of the Probabilistic Safety Assessment for the plant and
their evaluation would be probabilistic.  The change in thinking from deterministic to
probabilistic design basis accidents will require a fundamental change in the way accidents
are analyzed and evaluated (e.g., if probabilistic criteria are met, then deterministic
judgments would not be used to add conservatism or design margin).

Other accomplishments include:

• Conversion of an NRC database for cross-referencing NRC criteria and industry codes
and standards to Microsoft 2000 software.

• An assessment of the NRC’s hearing process, which concluded that the normal cross-
examination during public hearings is not actually required by the U.S. Administrative
Procedures Act.

• Identification and listing of reliability data sources.
• Interfacing with other industry groups (e.g., Nuclear Energy Institute and the

International Atomic Energy Agency) and the NRC at workshops for risk-informing
regulations.

Planned Activities

In the remainder of this project, the tasks summarized above will be continued.  The primary
activities include fuller development of the new design and regulatory process, its
demonstration with more cost reduction estimates, refinement of the new risk-informed
regulatory framework, integration of the new structures-systems design model into the new
design process, evaluation of existing reliability data against needs of the new design
process, evaluation of NRC staff’s design review process, and continued interactions with
NRC and industry.

Westinghouse also expects to set up agreements with one or more Korean organizations for
their participation in this project.  The purpose of this cooperation would be to bring Korean
design and operating experience into the project at the same time they perform additional
work scope.  These agreements will be reviewed and approved by other project participants
as well as the DOE.

The deliverables for this project will not only document the actual work which was done, but
will provide a clear description of how the results could be applied to new Generation IV
designs (e.g., the Pebble Bed Modular Reactor) as well as current Advanced Light Water
Reactor designs.  Since the new design and regulatory process starts from a “clean sheet of
paper,” a completely new set of regulations will have to be developed when the new process
is fully implemented.  Therefore, the deliverables for this task will also provide a summary or
example vision of what the new regulations would look like.
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SSttaannddaarrddss  aanndd  GGuuiiddeelliinneess  ffoorr  CCoosstt  EEffffeeccttiivvee  LLaayyoouutt
aanndd  MMoodduullaarriizzaattiioonn  ooff  NNuucclleeaarr  RReeaaccttoorr  PPllaannttss

PI: James Winters, Westinghouse Electric Company

Project Start Date: April 1999 Project End Date: April 2000

Project Number: 99-0059

Research Objective

The objective of this overall task was to develop and promulgate layout and modularization
standards and guidelines, which, if followed, will reduce the overall cost of new reactor
designs.  Layout considerations affect many areas, which, in turn, affect overall cost.  These
areas include operation, maintenance, and licensing, as well as capital cost.  Layout can have
a significant effect on how the plant satisfies regulatory issues such as separation, fire and
flood control, access control and As Low As Reasonably Achievable (ALARA).  Layout can
determine the extent of modularization that can be realized, and how it can be used to
minimize construction time in the field.  Modularization and parallel fabrication of items in
the factory and in the field has been shown to significantly reduce schedule and cost in a
number of industries.  It can also be a significant cost adder if implemented improperly.  The
objective of integrated plant layout and modularization should be to minimize plant lifetime
costs and risks though effective minimization of capital and operating costs.

This one-year program included four tasks with discreet deliverables and the associated
management. The first deliverable was a presentation of overall layout standards.  It included
what Westinghouse believes to be inviolate rules for layout of a nuclear plant.  Each of the
rules has proven itself to be cost effective.  In addition to those which are obvious for
reduction of capital and operating expense, the document included those which reduce
regulatory review time and expense.  The second deliverable contained guidelines for layout
with the objective of maximizing effective modularization.  If the intent is to prepare large
portions of the plant in a factory, such as for the Generation 4 reactors, then there are layout
guidelines, which, if followed, will facilitate design, manufacture, and assembly.  These
guidelines were developed from lessons learned in the modularization of AP600, which is a
highly modularized plant.  Third was a compilation of module design standards.  It presents
rules, which maximize the cost-effective implementation of a modularization strategy.  It
included standards for detail analysis, design and acceptance of modules (both structural and
equipment).  The fourth was a set of guidelines for design details, which provide for effective
fabrication and assembly of modules.  It was a set of lessons learned from detailed
constructibility studies performed to enhance the cost effectiveness of AP600.
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Research Progress

The first deliverable was prepared to quantify, streamline, and document explicitly those
internal layout rules which have been shown to benefit overall cost or licensability for plants
such as AP600.  Internal correspondence was reviewed and layout experts were interviewed
to assemble a working list of layout rules.  These rules were then reviewed, prioritized and
quantified to determine which should be included in a list of layout standards.  The object of
layout standards was that they are rules that should be followed without exception.  Layout
standards included items such as requiring that separate divisions of safety related Class 1E
electrical and control equipment and wiring should be physically separated by flood and fire
barriers.  Another example was to quantify the maintenance space envelopes required for
various pieces of equipment. The quantification included rules for items such as drip pans
and drains.  It also included guidance on equipment and tool supports. Other good
engineering practices for overall layout were identified.

The second deliverable was a documented set of guidelines for modularization.  Part of the
challenge of realizing the benefits of modularization is to lay out the plant in such a way that
modules and parallel manufacture actually do reduce the overall plant cost or schedule.  For
example, “don’t ship air” is a guideline for not creating a module where there is no benefit of
factory assembly.  Another is “don’t ship concrete,” which relates to the fact that concrete
facilities will exist on site and putting the concrete into a module after landing it is preferable
to paying for the weight and difficulty of shipping hardened concrete from the factory.  These
rules will be of significant value to smaller Generation IV reactor designs, whose modules
(or shippable units) will be a larger fraction of the total plant than for larger plants.

The object of the guidelines is that they are rules that should be considered when establishing
and implementing selected shippable units.  Included in these guidelines are the overall items
to consider when deciding on maximum module size and weight, or on the extent of
outfitting and test to be done in the factory.  It covers both equipment and structural type
modules and delineates methods to maximize effective modularization starting from the
conceptual design phases.

The third deliverable (module standards) focuses on fabricating self-contained units of a
power plant that can be transported to a site and operated for 15 years or more without major
maintenance.  This deliverable reflects discussions with module fabricators, structural
designers, transportation experts, and others, as well as inclusion of lessons learned while
developing detail module designs for our AP600 customers.  A comprehensive
documentation of this experience, enhanced by the lessons learned on AP600, should be very
useful in the design of the shippable units (modules) for any reactor, especially those for
Generation IV plants, where the module represents a large percentage of the overall plant.

The fourth deliverable (module detail guidelines) documents a number of internal module
design detail lessons learned.  These detail design lessons learned relate to the best practices
for such things as placing and attaching pipe and tray supports, locating and orienting lifting
points and supports, methods for structural attachments and joining, and other details.  Note
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that standardization of detail in itself is usually a cost saver, in that no relearning is required
of the designer or the fabricator.

Planned Activities

All four deliverables are complete and have been submitted.  The funded research project is
complete.
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DDeemmaanndd--DD rriivveenn  NN uucclleeaarr  EEnneerrgg iizzeerr  MMoodduullee

PI: Daniel O’Connor, Oak Ridge National Laboratory

Project Start Date: August 1, 1999 Projected End Date: September 30, 2002

Project Number: 99-0064

Research Objective

Demand-Driven Nuclear Energizer Module (NEM) is an advanced reactor concept that
would take advantage of newly developed materials with enhanced heat transfer
characteristics and superb high temperature mechanical properties to provide an inherently
safe, self-regulated heat source.  The high temperatures achievable make it suitable for a
multiplicity of applications.  The concept achieves demand-driven heat generation without
the need of moving parts or working fluids.  The nature of the reactor design makes the
concept inherently safe, proliferation resistant, and ideal as a long-term, reliable source of
power for harsh, remote, and/or inaccessible environments on Earth and space.  Low-cost
power generation is envisioned over a wide range of temperature and power.

Research Progress

Neutronics analyses were initiated to evaluate fuel and reactor design and operating
parameters.  Materials research was initiated to evaluate how the structural and thermal
properties vary with density and radiation exposure.  A physical model was built using
graphite foam, electric heaters, and a computer model to benchmark computer models, reflect
neutronics and materials findings to evaluate reactivity coefficients and reactor
configurations, and to simulate performance of reactor safety, stability, and instrumentation
and controls.  The resulting product will be an initial conceptual design for the reactor
concept.  More specific details of research accomplishments in the three major activity areas
are as follows:

Neutronics Analysis
• Scoping calculations were performed for the design of graphite-foam-uranium cores

capable of achieving over 15 years of operation without refueling.  Computations of
burnup - from 0 to 40,000 MWd/ton (nine steps) - and temperature dependent nuclear
parameters - from 300 to 1200 oC (four steps) - were performed for a reference core
configuration.  Collapsed four-group neutronic parameters were also generated using the
AMPX code to provide input to the interactive simulator under development.

• The reference core consists of a 77 cm diameter cylindrical core with 12 percent U235

enriched fuel embedded in graphite foam of 0.5 g/cc density, with a 15 cm thick reflector
made of 1.87 g/cc density graphite.
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• Scoping calculations for graphite-reflected graphite-foam-U233/Th232 cores with zero
reactivity swing with burnup were initiated. The U233/Th232 cycle does not have the
inconveniences associated with Pu production, however U233 can be easily separated from
the Th232 and according to ORNL TM-13517, a U233 enrichment of 12 percent is
equivalent to an enrichment of 20 percent in U235.

Materials Research
• Critical to the success of this reactor concept is to assess the impact of neutron irradiation

on the thermo-mechanical characteristics of the carbon foam.  A total of six capsules
have been fabricated. The following activities occurred in calendar year 2000: Two
capsules with ten specimens each were inserted in the High Flux Isotope Reactor (HFIR)
early June. They were extracted in August and are in the cooling off period prior to
analysis.  Two more capsules, also with ten specimens each, were inserted in the HFIR in
August and extracted in early October.

• Methods to impregnate the foams with gelcasting, sol-gel, Chemical Vapor Infiltration
(CVI), and other techniques were evaluated.  Also, other design ideas for the reactor core
were evaluated based on all the novel characteristics of the foam.

Simulation, Prototyping, and Control
• A 12-cm diameter by 16-cm high cylinder of graphite foam mockup of the reactor core

was fabricated.  Heating rods were obtained that extend the full length of the cylinder.
Debugging of the control electronics has continued and building safety enclosures for the
electronics and core mockup is ongoing.

• Development of the interactive multi-group, multi-region reactor simulator has
continued.  The simulator's computed neutronic and power generation compared well
with detailed computations of the code used to generate the four-group neutron data
inputs.  Validation and implementation of the thermal heat transfer and feedback
reactivity will follow to yield a coupled neutronic and heat transport simulation.

Planned Activities

Neutronics Analysis : Specific applications will be selected which will be used to determine
reflector needs, selection of structural materials, and geometric constraints.  Integral to this
will be determination of the required fissile mass as a function of integral energy output,
reactor configurations, and operating and shutdown temperatures.

Materials Research: Graphite foams will be prepared with varying densities, and structural
and physical property characterization will be conducted on each foam.  Extrusion methods
will be studied to determine the effect of manufacturing processes on thermal conductivity.
Characterization studies will be conducted on irradiated specimens to determine the effect on
structure, dimensional stability, thermal conductivity, thermal expansion, strength modules,
and strain to failure.
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Simulation, Prototyping, and Control: The NEM model will be updated to reflect neutronics
and materials findings.  Reactivity coefficients and target configurations will be modeled.
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DDeevveellooppmmeenntt  ooff  AAddvvaanncceedd  TTeecchhnnoollooggiieess  ttoo  RReedduuccee  DDeessiiggnn,,  FFaabbrriiccaattiioonn,,
aanndd  CCoonnssttrruuccttiioonn  CCoossttss  ffoorr  FFuuttuurree  NNuucclleeaarr  PPllaannttss

PI: J. Michael O’Connell, Duke Engineering & Services

Collaborators: North Carolina State University, Massachusetts Institute of
Technology, Sandia National Laboratory, Westinghouse Electric
Company Nuclear Systems

Project Start Date: August 1999 Projected End Date: June 2002

Project Number: 99-0077

Research Objective

The objective of this project is to develop technologies to reduce the capital costs and
construction schedule time line for future nuclear power plants.  Specifically, researchers are
aiming to identify those mechanisms that can be applied to reduce the overall cycle time for
the Design, Procure, Construction, Installation and Testing (DPCIT) for an advanced nuclear
plant by 40 percent.  Also, efforts are focused on providing increased confidence in the
overall process of ensuring an advanced nuclear project can be built within the cost and
schedule targets assumed for a competitive energy marketplace.

The purchase of an advanced nuclear power plant would initially be based upon the
assessment of the total capital cost on a dollar per installed kilowatt electric (KWe) coupled
with the planned operations and maintenance costs on an operating cost per installed KWe.
Both these metrics are the yardsticks by which nuclear power plants are compared against
market alternatives of gas fired generation or coal-fired generation.  While the existing fleet
of nuclear power plants in the U.S. operates cost effectively and competitively in a partially
deregulated market, the decision to invest in new nuclear generation is contingent upon not
only the capital cost per KWe installed, but also the confidence with which the schedule of
delivery can be completed.  The prior work sponsored jointly by the DOE and the Electric
Power Research Institute in the Advanced Light Water Reactor (ALWR) program produced
reactor plant designs that are optimized for operations and maintenance expenditure, but not
for capital cost or schedule as the earlier research initiatives were conducted when the
electric power system had not experienced the impact of deregulation.

Thus, delivery of a new reactor plant within the three constraints of quality, cost, and
schedule is not currently achievable in a deregulated market.  The challenge is therefore to
examine those issues that have driven our costs and schedules.  Work will be done to link
prior industry research that has examined specific incremental improvement strategies with
applications of information technology and new thinking on coordination of businesses to
produce dramatic reductions in the capital cost of new reactor plants.  This project’s focal
point for keeping score of potential improvements is on the total cost and cycle time
associated with the DPCIT cycle.  By examining each of these activities in building a plant,
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project researchers expect to apply new thinking and improvement techniques that have been
developed in other industries.

Research Progress

The project team has accomplished an initial identification of capital cost and schedule
reduction strategies.  One key insight into the reduction of capital cost and schedule is that
backfitting new technologies into pre-existing designs do not offer as significant a payoff as
working with new designs as they are being created.  This favors the Generation IV
Advanced Nuclear Plants in that these plants are either in the process of incorporating the
kinds of improvements this project has examined, or there is the potential to incorporate
these insights before finalizing the design.

Another key insight is in how information technologies will be applied to both the design and
construction processes to simulate not only the design and its construction sequence, but also
to play a role in improving the execution of supporting activities such as procurement and in
providing real time status of field construction activities.  The use of 4-dimension (3D plus
schedule) simulation software has provided insights into examining different sequences of
major subassembly installations.  These insights have yielded “on paper” savings of several
critical path months.  The picture below provides a snapshot from the 4D simulation
software.

Examination of Major Module and Equipment Installation Sequences
Using 4D Schedule Simulations
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In the domain of risk reduction for the overall management of capital cost and schedule,
preliminary work with Systems Dynamics Modeling and Bayesian Belief Networks show
promise as effective tools for the management of change in complex projects such as nuclear
facilities.  In summary, then, the project work has been addressing specific contributors to
capital costs and schedules, while also examining the execution of large scale projects using
advanced tools that will help address the confidence issues needed to proceed with new
nuclear plant construction.

Planned Activities

The Year 2 research efforts will incorporate insights gained from Year 1 and focus on the
following areas:

• New design technologies to achieve capital cost and cycle time reductions.
• Power uprates made possible through incorporation of risk-informed impact.
• Information technologies that facilitate collaborative engineering.
• Plant fabrication and construction technology advances.
• Evaluation of evolving passive design impacts.
• Reduction in project execution risk with new management assessment tools.

The overall goal for Year 2 is to continue with cost reduction application while at the same
time working to identify those strategies that will also reduce the risk and ensure that the
proposed shortened schedule can be accomplished.
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IInnnnoovvaattiivvee  CChheemmiitthheerrmmaall  TTeecchhnniiqquueess  ffoorr  VVeerriiffyyiinngg  HHyyddrrooccaarrbboonn
IInntteeggrriittyy  iinn  NNuucclleeaarr  SSaaffeettyy  MMaatteerriiaallss

PI: L. Mason, Pacific-Sierra Research Corporation

Collaborators:  University of Virginia, University of Maryland

Project Start Date: August 1999 Projected End Date: September 2002

Project Number: 99-0094

Research Objective

This research and development program is designed to explore new methods of assessing
current condition and predicting remaining life of critical hydrocarbon materials in nuclear
power plant environments.  Of these materials, Class “1E” safety cable insulation is the
primary focus. Additionally, o-ring, seal, and lubricant products designed for nuclear
applications round out the materials studied.  This three-phase applied research program is
providing industry with new innovative methods and reference data to conduct pragmatic
material condition-monitoring programs for a wide range of polymer-based products.  Key
research objectives (products) include a material-condition-monitoring database,
optimization and standardization of various testing procedures, implementation of proven
engineering development methodologies, and inter-technology correlation analyses.
Milestones are defined by a 5-task work-breakdown schedule.  Task 1 encompasses front-end
R&D program activities and planning of additional tasks.  Task 2 concerns identification of
subject cable materials, their acquisition, accelerated aging, testing by a suite of
chemithermal methods, and results reporting.  Tasks 3 and 4 comprise similar objectives for,
respectively, o-ring and seal, and lubricant materials.  Task 5 concerns required
programmatic documentation.  Research progress to date under Phase 1 fell mainly within
Tasks 1, 2, and 5.

Research Progress

The greatest fraction of Phase 1 resources for this project was expended during conduct of
Task 1, the “Research and Development Plan.”  The next largest fraction of resources was
applied to progress of the first research task, Task 2, “Polymer Cable Insulation,” specifically
described below. Regarding Task 1, personnel requirements were determined and fulfilled; a
new laboratory space was commissioned.  Spare parts and routine supplies were acquired for
three chemithermal analyzers: a Perkin-Elmer TGA7 (thermogravimetric analyzer); and two
Perkin-Elmer DSC7s (differential-scanning calorimeter) instruments, one with an available
high-pressure (up to 600 psig) cell accessory.  Computer hardware and software upgrades
included Perkin-Elmer software upgrades and an operating platform upgrade to Windows
NT.  These intense activities greatly expanded the laboratory’s capability to simultaneously
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operate its then current suite of analyzers, as well as future additions, which now include a
Perkin-Elmer TMA7 (thermomechanical analyzer) and a Perkin-Elmer Fourier transform
infrared (FTIR) analyzer, the latter being configured to routinely analyze thermogravimetric
analysis (TGA) combustion gasses.  Development of three research task plans proceeded as
expected.  These tasks were, respectively, focused upon the subject materials: 1E electric
cable insulation materials; o-ring and seal materials; and lubricants.  Development of each
task revolved around a template of activities that included the following: identification of
critical materials; acquisition; sample preparation; accelerated aging to simulate normal aging
over 40 years under combined radiation and thermal stress conditions; chemithermal
measurements; and analysis and reduction of data.  Specifically regarding the conduct of
Task 2, accelerated aging protocols for cables were developed in the context of a rectangular
matrix approach.  This matrix was called the qualification-aging matrix (QAM), patterned
after much previously successful research.  Twelve condition points in the QAM correspond
to material conditions ranging from unaged to fully aged by multiple stresses throughout a
full normal life in-situ.  In fully aged condition, operational integrity of these materials is
expected to be intact throughout a postulated loss of coolant accident (LOCA).  All condition

points for a given material were planned to be analyzed by chemithermal analytical methods,
including: oxidation induction time (OIT), which measures product stability at high
temperature – and antioxidant content remaining, hence, remaining life;  oxidation-induction
temperature (OITP) which is a more rapid measure of stability and structural changes, related

Illustration of the decrease in oxidation-induction temperature (OITP) onset calculation
as a function of increasing thermal 1E qualification aging.  Curves labeled "T0R0,
T20R0, T50R0, and T100R0" represent bulk Rockbestos green conductor material aged
to 0, 20, 50, and 100% of manufacturer-specified thermal-aging protocol.  These results
show the utility of using chemithermal methods to predict polymer degradation with a
high degree of reproducibility.
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to OIT; and, TGA, which measures thermal stability and gives some compositional
information.  Analytical methods for OIT and OITP tests had previously been standardized
by Veridian PSR through funded government research.  Standardization of these procedures
involved multi-parametric experiments involving popular cable materials then under
consideration.  Sample mass, particle size, experimental conditions, and analyzer operating
parameters and programs were all systematically investigated.  Similar experiments were
conducted in this research to optimize TGA methodology.  Critical cable insulation products
were identified through extensive contacts with material suppliers and users.  Identification
of critical cables for research is an on-going challenge, for installed-product operating data
are continually updated, the number of manufacturers declines, virgin supplies of popular
cables dwindle, and new products used for selective plant cable replacements become
increasingly important.  An array of ethylene-propylene rubber (EPR) and cross-linked
polyethylene (XLPE) insulated cable products was selected, requested, and gradually
amassed for this program.  As these materials were being acquired, accelerated thermal aging
was conducted, while chemithermal measurements of unaged and thermally aged samples
were made.  When enough materials had been thermally aged, gamma-irradiations were
contracted for at the University of Maryland.  Measurements of OIT, OITP, and TGA to-date
have been in line with expectations, notably punctuated by some exciting new discoveries,
one of which is mentioned below.

Planned Activities

The bulk of Phase 2 effort is targeted at the conduct of pilot studies involving o-ring and seal
materials, the acquisition of which ran ahead of schedule during Phase 1.  Such materials
selected include ethylene-propylene (EP), which is similar to but behaves somewhat
differently than the cable-type EPR, and butyl and nitrile rubbers of a few formulations.  As
the remainder of these materials is acquired, final decisions will be made regarding
appropriate accelerated aging protocols and chemithermal measurement matrices, based upon
exploratory measurements in progress on small samples.  In Phase 3, a similar approach will
be taken in regard to lubricant products, which are just beginning to arrive in sample
quantities.  Throughout the remainder of this project, electric cable insulation research will
be continued.  Efforts will be focused upon full completion of the QAM-based set of OIT,
OITP, and TGA measurements (the condition-monitoring database).  Correlations of these
measurements with each other and with other available and relevant data will be pursued to
the greatest extent possible.  A fascinating and unexpected discovery from Phase 1, involving
a correlation of OITP and TGA data will receive intense scrutiny.  From this correlation it is
possible (for at least one XLPE insulation material) to extract not only overall-condition data,
but also specific indications of thermal history and radiation dose.  TGA data interpretation,
which was found to be more time-intensive than expected, will receive the additional effort
required.  One or more blind studies will be conducted in order to fortify confidence in the
relatively unintrusive material-condition monitoring and life-assessment methods being
developed here, through the chemithermal analysis of safety-critical hydrocarbons in use
throughout the nuclear industry.
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MMoodduullaarr  aanndd  FFuullll  SSiizzee  SSiimmpplliiffiieedd  BBooiilliinngg  WWaatteerr  RReeaaccttoorr  DDeessiiggnn
wwiitthh  FFuullllyy  PPaassssiivvee  SSaaffeettyy  SSyysstteemmss

PI: Mamoru Ishii, Purdue University

Collaborators: Brookhaven National Laboratory

Project Start Date: August 1, 1999 Projected End Date: September 30, 2002

Project Number: 99-0097

Research Objective

The main goal of this research project is the scientific design of a compact modular 200
MWe and a full size 1200 MWe, simplified boiling water reactors (SBWR).  Specific
objectives of this research are to:

• Perform scientific designs of the core neutronics and core thermal-hydraulics for small
capacity and full size simplified boiling water reactors;

• Develop passive safety system design;
• Improve and validate safety analysis code;
• Demonstrate experimentally and analytically all design functions of safety systems for

design basis accident (DBA); and
• Develop the final scientific design of both SBWR systems, SBWR-200 and SBWR-1200.

Research Progress

Research conducted on this project over the past year includes:

• Development of a preliminary design for the SBWR-200 and SBWR-1200
thermalhydraulic systems.  The preliminary design involved identification of principle
design criteria dictated by the safe operation of the reactor, identification of coolant
requirements, design of the engineered safety, and emergency cooling systems based on
passive systems.

• Design of a preliminary reactor engineered safety system including reactor-cooling
system and emergency core cooling systems for SBWR-200 and SBWR-1200.  These
systems were based on natural gravity force.  The passive safety system is reliable and
safe to operate.

• A detailed scaling analysis was performed.  The results of the scaling study were used in
the performance of the integral tests and data analysis.

• Large break and a small break loss of coolant accident (LOCA) integral tests for the
SBWR-200 were carried out. These integral tests were perfomed to assess the safety
systems and the response of the emergency core cooling systems to LOCA in a scaled
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SBWR-200 Reactor Containment

facility called PUMA and the results have been used in the analysis of the safety systems.
Main steam line break (MSLB) accident test was carried out for large break loss of
coolant design basis accident (DBA) analysis  while bottom drain  line break (BDLB)
accident test was carried out for small break loss of coolant DBA.

• RELAP5/MOD3  best estimate reactor  thermal hydraulic code was used to model  the
PUMA MSLB and BDLB integral tests.  The analysis was used to demonstrate the safety
features of the modular SBWR design and to validate the code applicability in the facility
scope. Overall, the code gave a reasonably accurate prediction of the system thermal
hydraulic behaviors.  This allows for an accurate assessment of the design feature of
SBWR-200 safety components.  It also indicates some code deficiency that should be
improved for a better simulation.

• Performed a preliminary neutronics analysis and core design for SBWR-200 and SBWR-
1200.  The neutronics work performed during the first year of the project has been: (1) to
acquire and validate the computer codes required for the neutronics design and analysis
of the SBWR (HELIOS, PARCS, and RELAP5/TRAC); (2) to develop neutronics and
thermal-hydraulics models of the SBWR-600 and compare results to the RAMONA-4B
predictions; and, (3) to perform preliminary designs of the SBWR-200 and SBWR-1200.

• Performed a preliminary study on stability of the SBWR-200 and SBWR-600 under
normal startup and abnormal startup.

• Preliminary design of containment and the internals for the SBWR-200 and SBWR-1200
are shown in the figures below.
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SBWR-1200 Reactor Containment

Planned Activities

• Development and testing of the passive vacuum break valve for the compact modular
SBWR-200 and full size SBWR-1200.

• Development and testing of the passive high-pressure emergency core injection system.
• Performance of detailed neutronic analysis and development of the core design through

the core physics calculations for the SBWR-1200.
• Performance of integral tests and code evaluation for DBA.
• Performances of BWR stability analysis for SBWR-1200 reactor for steady state, start-up

and other transients.
• Performance of final conceptual scientific design of compact modular SBWR-200 and

full size SBWR-1200.
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AA  NNeeww  PPaarraaddiiggmm  ffoorr  AAuuttoommaattiicc  DDeevveellooppmmeenntt  ooff  HHiigghhllyy  RReelliiaabbllee
CCoonnttrrooll  AArrcchhiitteeccttuurreess  ffoorr  FFuuttuurree  NNuucclleeaarr  PPllaannttss

PI: Richard Wood, Oak Ridge National Laboratory

Collaborators: North Carolina State University (NCSU), University of Tennessee
(UT)

Project Start Date: August 1, 1999 Projected End Date: August 31, 2002

Project Number: 99-0119

Research Objective

This research focuses on development of methods for automated generation of control
systems that can be traced directly to design requirements for the life of the plant.  The final
goal is to “capture” the design requirements inside a “control engine” during the design
phase.  This control engine is not only capable of automatically designing the initial
implementation of the control system, but it also can confirm that the original design
requirements are still met during the life of the plant as conditions change.

The control engine captures the high-level requirements and stress factors that the control
system must survive (e.g., a list of transients, or a requirement to withstand a single failure).
Therefore, the control engine is able to generate automatically the control system algorithms
and parameters that optimize a design goal and satisfy all requirements.  As conditions
change during the life of the plant (e.g., component degradation, or subsystem failures) the
control engine automatically “flags” that a requirement is not satisfied, and it can even
suggest a modified configuration that would satisfy it.  This control engine concept is shown
schematically in the figure below.

Research Progress

Phase I accomplishments include:

Advanced Control Tools and Methods:  Research in this area is focused on developing and
demonstrating the control engine concept.  Libraries of control algorithms have been
developed, with some of them successfully applied to a prototype control engine problem.  A
general methodology has been developed for handling the sensor and actuator nonlinearities
as piecewise linear functions.

Advanced Monitoring and Diagnostics:  The objective of this task is to develop an on-line
monitoring system for fault detection and isolation of sensors and field devices in a nuclear
power plant.  Data-driven models have been developed for the characterization of sub-system
dynamics for prediction state variables, control functions, and expected control actions.
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Nuclear Power Simulation and Reliability Methods:  Since 1996, a full plant engineering
simulation code has been under development and in use at NCSU for simulating the dynamic
response of pressurized water reactors during normal operational transients as well as design
basis events.  Work under this task required the addition of a full balance-of-plant model, as
well as other improvements, to the plant simulator.  Options have been added to the code to
allow for degradation in the heat transfer across the steam generator from both fouling and
blocked or plugged tubes, as well as the corruption of sensor outputs through step and ramp
changes in sensor output with arbitrary levels of random noise.

Nuclear Information System Architecture and Integration:  Research addressing the control
and information system architecture for future nuclear power plants involve the evolution of
the Plant-Control Computing Environment (PCCE) concept and the generation of functional
requirements.  The following functional requirements have been generated: general design
attributes; human-system interface requirements; control application interface requirements;
computing platform interface requirements; monitoring and control requirements; fault
handling and recovery requirements; system management requirements; and configuration
requirements.

Planned Activities

In Phases 2 and 3, selected functional elements of the PCCE will be developed to facilitate a
proof-of-principle demonstration.  Standardized display and communications functional
elements will be devised to satisfy the functional requirements generated in Phase 1.
Application programming interfaces will be developed for selected control, diagnostic, and
communications functions.

Design Requirements

Automatic
Control Engine
Design Tools

Control Design

Plant Models

Control Algorithms

Control
Architecture

Plant
Implementation

Diagnostics

    Automate

Reliability

Schematic diagram of the automated control design process
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MMuullttii--AApppplliiccaattiioonn  SSmmaallll  LLiigghhtt  WWaatteerr  RReeaaccttoorr

PI: S. Michael Modro, Idaho National Engineering and Environmental
Laboratory

Collaborators: NEXANT, Inc., Oregon State University (OSU)

Project Start Date: October 1999 Projected End Date: September 2002

Project Number: 99-0129

Research Objective

The primary objective of the Multi-Application Small Light Water Reactor (MASLWR)
project is to develop the conceptual design for a safe and economic plant, and to test the
design feasibility.  A small, natural circulation light water reactor is proposed with the goal
of various applications, primarily electric power generation, but flexible enough to be used
for process heat with deployment in a variety of locations.  Through economic and
engineering analyses the project will address the design and safety attributes of the concept.
This will be coupled with testing in an integral test facility to demonstrate the concept’s
technical feasibility.

The determination of the requirements and design criteria was based on goals that included:
maximizing modularity, a standard plant design, certification before construction, two-year
construction schedule, five-year refueling schedule, simplified operation and maintenance,
and sixty-year plant life-cycle.  All of these goals were focused toward providing a
competitive busbar cost of 40 mils/kilowatt hour (kWh).  The figure below is a representation
of the proposed plant design concept.

MASLWR Concept
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Research Progress

Requirements and Design Criteria Established:  The approach to establishing the
requirements and design criteria was to invoke the U.S. Code of Federal Regulations “safety
specifications” in their entirety.  Further, the basic philosophy of the Electrical Power
Research Institute (EPRI) project to develop a standardized design and technical
requirements applicable to Advanced Light Water Reactors (ALWRs), and the Nuclear
Regulatory Commission's (NRC) review thereof, was adopted.  However, the EPRI/NRC
results, relative to Passive Design Reactors have not been necessarily invoked in their
entirety for two reasons:  (1) it is believed that reactor design technology has advanced in the
six to eight years following the NRC review; and (2) one of the primary elements of the
NERI is to “think-out-of-the-box” to develop promising new solutions to nuclear power plant
(NPP) design.

The MASLWR team found it convenient to develop and document the requirements and
design criteria in a hierarchical manner.  That is, except at the highest level (normally a
policy type statement), each requirement or criterion can be traced to a more inclusive
requirement or criterion at the next higher level.

Baseline Design Concept Developed:  A baseline design was developed based on a power
level at the upper limit of the power range suggested for small reactors by the NERI program.
The initial concept was drafted for 300 Megawatts electric (MWe), however thermal analyses
showed that because of natural circulation requirements and overall size constraints the
power level had to be reduced to about 250 MWe.  Development of the baseline design
concept has been sufficiently completed to determine that it complies with the safety
requirements and criteria, and satisfies the major goals already noted, except that busbar cost
is 57.2 mils/kWh.  Therefore it is unlikely to conform to the competitive busbar cost goal of
40 mils/kWh.  It was concluded that further cost reduction can be achieved only by smaller
units, which would be almost entirely assembled at a factory.  Costs for applications such as
cogeneration, water desalination or district heating were not addressed since these depend on
local conditions, demand and economy and can not be easily generalized.

Scaling Methodology Developed: The initial scaling methodology development has been
completed and has confirmed that the baseline design could be well simulated in the OSU
Advanced Plant Experiment (APEX) experimental facility with determinable/achievable
modifications.

Investigation of Concept Evolution Initiated: The most promising approach appears to be an
evolution from the baseline concept to a small reactor (~100 MWt, 20 MWe) that allows a
“self-contained” assembly of reactor vessel, steam generators and containment.  These units
would be manufactured at a single centralized facility, transported by rail, road, and/or ship,
and installed as a series of self-contained units.  This approach also allows for staged
construction of an NPP and “pull and replace” during each five-year refueling cycle.
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Preliminary estimates indicate that the evolutionary design concept will approach the
competitive busbar cost of 40 mils/kWh.

Planned Activities

Recent design performance studies strongly indicate that power in the 100 MWt design can
be doubled (i.e., to 200 MWt) and the overall height of the installation can be significantly
decreased.  These performance studies investigated the viability of operation at saturation
conditions, thereby producing a two-phase mixture in the hot leg and a single-phase cold leg,
a condition that maximizes the natural circulation driving force for coolant flow.  Continuing
activities planned for Phase 2 (FY2001) are in four areas as follows:

Pressure Vessel, Primary and Secondary Systems, and Safety Systems Design Optimization:
The goal is to further decrease the cost of electricity production while maintaining or
increasing safety of plant operation.  Activities planned for November and December 2000
and January 2001 include:  concept refinement; performance analysis to realize maximum
efficiency in electricity production; development of a Phenomenon Identification and
Ranking Table (PIRT) followed by appropriate safety analyses as directed by the PIRT;
development of nuclear steam supply system and balance of plant system layouts for the
optimized design.

Containment Optimization:  The containment design (i.e., an individual containment for each
reactor) was optimized during November and December 2000.  A second containment design
option (i.e., a single containment for multiple reactors) will also be examined.

Cost Analysis Refinement :  An interim refinement of the existing cost analysis was
conducted in November and December 2000 as dictated by the design information evolution
of the above efforts.

Experimental Program:  Development of the experimental program is planned for completion
in January 2001, followed by experimental rig construction/modification and subsequent
testing, which will be performed in the remaining part of FY2001.
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SSTTAARR::  TThhee  SSeeccuurree  TTrraannssppoorrttaabbllee  AAuuttoonnoommoouuss  RReeaaccttoorr  SSyysstteemm,,
EEnnccaappssuullaatteedd  FFiissssiioonn  HHeeaatt--SSoouurrccee

PI: Ehud Greenspan, University of California, Berkeley

Collaborators: Westinghouse, Argonne National Laboratory, Lawrence Livermore
National Laboratory.

Project Start Date: August 1, 1999 Projected End Date: June, 2001

Project Number: 99-0154

Research Objective

The Encapsulated Nuclear Heat Source (ENHS) is a new lead (Pb)-bismuth (Bi) or cooled
highly modular 125 MWth fast spectrum reactor concept that has a combination of the
following features:

• 20 years of full power operation without refueling.
• Nearly constant fissile fuel contents and reactivity coefficient (keff); hence, very small

excess reactivity built-in and very simple reactor control system.
• The ENHS modules are factory manufactured and transported already fueled to the site.
• No on-site refueling and fueling hardware.
• No mechanical connections between the ENHS module and the energy conversion plant,

making it easy to install and replace.
• A number of ENHS modules may be installed in a single pool of secondary coolant

making a power plant of up to several hundred MWe in capacity.
• At end of life, the ENHS module serves as a spent fuel storage cask and, later, as a spent-

fuel shipping-cask.  That is, the fuel is locked inside the ENHS from cradle to grave.
• 100 percent natural circulation resulting in passive load following capability and

autonomous control.  After the reactor is brought to full power by removal of the safety
rod and radial reflector, the compensation for reactivity changes and for power variations
is done via temperature feedback.

This combination of features offers a highly safe nuclear energy system that is characterized
by low waste, exceptionally high proliferation resistance and high uranium utilization.

A description of one of several possible embodiments of a reactor concept having a single
ENHS module is depicted in the figures below.  The reactor consists of nine modules: one
ENHS and eight steam generators. All these modules are factory fabricated and transported
to the power plant site completely assembled ready to be inserted into the reactor pool. The
primary coolant that is heated in the core flows up the riser, turns over into an Intermediate
Heat Exchanger (IHX) of a novel design and flows back into the coolant plenum underneath
the core. The IHX is integrated between the inner-, and the outer-structural walls. The
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secondary coolant flows from the pool outside of the vessel into the bottom of the IHX and
exits back to the pool near the top of the IHX.

 Water/Steam connections

       Steam generators   Primary Pb-Bi
  Secondary Pb-Bi

Support structure
on seismic
isolators

Primary
vessel of
ENHS

                         Region of module
imbedded
support
structure

                         Reactor Pool
core vessel

A schematic vertical view of a single ENHS reactor (Not to Scale)

The objectives of the first year study was to assess the feasibility of:  1) designing cores for
20 years of full power operation without refueling and with nearly zero burnup reactivity
swing, using either Pu-U or enriched uranium fuel; 2) designing the ENHS to have 100
percent natural circulation with reasonable module dimensions and weight;3) designing the
ENHS module to be free of mechanical connections; 4) designing and manufacturing the
confinement wall; 5) fueling the ENHS module in the factory, transporting it fuelled to the
nuclear power plant site and removing it from the pool unopened; 6) designing the ENHS to
have autonomous load-following capability; and 7) removing decay heat passively.

Pb or
PbBi
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Research Progress

The design domain has been defined for cores that can operate at 125 MWth for 20 years
with nearly zero burnup reactivity swing.  The core design variables include the core height,
lattice pitch-to-diameter ratio and fissile fuel contents.  It was found possible to design such
cores using either Pu-U fuel having ~11-12 weight percent Pu or uranium enriched to ~13
weight percent.  The resulting cores are very simple: they have uniform composition, no
blanket or reflector assemblies and a single safety rod assembly. An axially movable annular
reflector assembly is used to bring the core from shutdown to full power.  Tungsten was
found to be an attractive material for the reflector; it can be scrammed by gravity and save 20
cm on the ENHS module diameter.

It was found feasible to design ENHS modules to deliver 125 MWth from the primary
coolant to the secondary coolant through a 4 mm thick confinement wall (that separates the
two coolants) with maximum primary coolant to maximum secondary coolant temperature
drop of 50oC and with 100 percent natural circulation.  The required reactor vessel height is
close to 20 meters.  In fact, good synergism was found between the requirement for 100
percent  natural circulation and the requirement for primary-to-secondary temperature drop

Fission gas plenum

Core

Reflector

Grid plate

Secondary coolant outlet

Primary coolant turning
from riser to downcomer

IHX channels going
downward (primary) and
upward (secondary)

Riser

Pool

Primary coolant turning
from downcomer to enter
core

Pb-Bi

Secondary coolant inlet

A schematic vertical cut through an ENHS module (Not to scale)
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of 50oC.  The dimensions of approximately a dozen different ENHS modules with 100
percent natural circulation and flat keff cores have been determined.  The total weight of an
ENHS module when fueled and when loaded with Pb-Bi up to the upper core level is
estimated to be on the order of 300 tons. This is approximately half the weight of steam
generators for large pressurized water reactors (PWRs) that have been transported from the
factory to nuclear power plant sites.  Dimensions of an ENHS module with 100 percent
natural circulation are somewhat smaller than dimensions of a large PWR steam generator.
Hence it is concluded that the ENHS module can be factory manufactured and fueled.

A significantly more compact and lower weight ENHS module has been conceived and
conceptually designed.  It uses cover-gas lift-pump for coolant circulation.  The gas
circulators are located outside of the reactor vessel.  The resulting ENHS module need be
only approximately 10 m high and have a shipping weight of approximately 100 tons.

An intermediate heat exchanger (IHX) that is integrated within the ENHS module vessel wall
and has practically identical heat transfer characteristics to those of the originally proposed
confinement wall has been conceived and analyzed.  It consists of rectangular channels
circumscribing the primary coolant riser in the space between the inner structural wall and
the outer structural wall.  This integrated IHX was found able to withstand the loads that are
expected during transportation, installation and operation.

A preliminary transient and accident analysis was performed for a reference ENHS design.
The accidents considered so far include startup accident, loss of heat sink accident, and steam
line break without scram accident.  It was found that under all accident conditions
considered, fuel and clad temperatures will remain significantly below the safety limits and
the integrity of all systems will be preserved.  It was also found that the ENHS reactor can
maintain 100 percent  natural circulation over the entire range from nominal power to decay
heat power level.  It can automatically follow load variations over a wide power range.

In summary, no show-stoppers were encountered so far.  In fact, as a result of the first year
study the ENHS concept appears more practical and more promising than perceived at the
outset of this study.  A number of novel design approaches have been conceived during the
first year.  These include the following: use of a coolant lift pump to reduce module size and
weight; several different integrated IHX configurations for carrying the heat across the
reactor vessel wall; several different fabrication approaches for the heat transport wall;
several approaches for the core mechanical design that feature small pressure drop and
enhanced negative reactivity feedback to temperature increase; reduced coolant flow by-
passing the core; tungsten-based radial reflector for enhanced safety and reduced volume;
elimination of a special radiation shield for the reactor vessel; compact simple and safe tube-
in-tube type steam generators; and several approaches for reactor module factory assembly
and subsequent shipping as an integral, sealed module.
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Planned Activities

The activities planned for the second project year include the following:

• Investigate the feasibility of designing the pool to have natural circulation while
eliminating excessive mixing of cold and hot coolant as well as flow stagnation.

• Investigate the feasibility of melting the Pb-Bi (or Pb) in which the fuel is embedded for
shipment by filling the ENHS module with hot Pb-Bi and by inserting it into a hot Pb-Bi
pool.  Also, the feasibility of solidifying the Pb-Bi in a reasonable time after removing
the ENHS module from the pool.

• Design the overall plant layout, with emphasis on plant components that are affected by
the unique features of the ENHS.

• Establish overall life-cycle logistics (from factory to waste storage), including both
technical, licensing and proliferation-resistance considerations.

• Investigate the feasibility of using the ENHS module as a shipping and storage cask of
fresh and spent fuel.

• Perform a more complete safety assessment of the ENHS.
• Investigate the feasibility of lift-pumps.
• Investigate the feasibility of a steam generator integrated within the ENHS IHX.
• Investigate the feasibility of high-energy conversion efficiency.
• Investigate the feasibility of alternate coolants.

Research efforts are in collaboration with the Central Research Institute of Electric Power
Industry (CRIEPI) and with Toshiba of Japan and with Korea Advanced Institute of Science
and Technology (KAIST) of Korea.  Starting in October 2000 research groups from Korea
Atomic Energy Research Institute (KAERI) and from the University of Seoul have joined the
collaboration.
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OOnn--LLiinnee  IInntteelllliiggeenntt  SSeellff--DDiiaaggnnoossttiicc  MMoonniittoorriinngg  ffoorr
NNeexxtt  GGeenneerraattiioonn  NNuucclleeaarr  PPoowweerr  PPllaannttss

PI: Leonard J. Bond, Pacific Northwest National Laboratory 

Project Start Date: August 1, 1999 Projected End Date: August 31, 2002

Project Number: 99-0168

Research Objective

Operating experience from U.S. nuclear power plants indicates that degradation of power
plant performance in terms of unscheduled shutdowns, extensive maintenance, and
operational efficiency occurs predominantly because of vibration, bio-fouling, and
erosion/corrosion, and the effect of these mechanisms on the system.  The objective of
this project is to design and demonstrate the operation of the real-time intelligent self-
diagnostic and prognostic monitoring system for next generation nuclear power plant
systems.  This project provides a proof-of-principle technology demonstration for On-
Line Intelligent Self-Diagnostic Monitoring System (SDMS) on a pilot plant scale service
water system, where a distributed array of sensors is integrated with active components
and passive structures typical of next generation nuclear power reactor and plant systems.
This project employs state-of-the-art sensors, instrumentation, and computer processing
to improve the monitoring and assessment of the power reactor system and to provide
diagnostic and automated prognostics capabilities.

Research Progress

Design of Experimental Hardware and Software: The project investigative focus was
established by utilizing relevant Nuclear Regulatory Commission Nuclear Plant Aging
Program data to define which degradation mechanisms have the greatest applicability to
tomorrow’s nuclear platforms.  An open architecture multi-module design SDMS
architecture has been completed.  System computing hardware has been configured and is
operational in the laboratory.  Preliminary examination of cavitation from a first
principles perspective shows sufficient material exists to commence physics modeling
studies.  Work on other stressor-degradation correlations must wait for additional phase
studies.

Wireless Communication: Radio Frequency Modules and Sensors: Two radio frequency
(RF) smart modules were fabricated and successfully deployed on the experimental test
loop.  A Visual Basic program running on a personal computer (PC) communicated with
the reader (RS-232 link).  The reader passed the data to the PC where it was displayed in
graphical form.  Both RF modules have onboard liquid crystal displays for local status
and diagnostic presentation.  Each module has a unique address allowing for additional
sensor modules to be linked to the system.
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Fabrication of SDMS Demonstration System and SDMS Test-Bed:  The experimental
test apparatus was received and the basic loop components and process instrumentation
installed to allow component operational ranges (experimental envelope) to be verified as
illustrated in the figure below.  The test bed will simulate conditions experienced by low
temperature reactor auxiliary systems.  The “fouling meter” was demonstrated using an
ultrasonic pulse-receiver and digital oscilloscope.  Initial specifications were developed
for the necessary semi-custom transducers that will be procured in Phase II.  Initial pilot
plant trials were performed.  The updated system design and safety review for the Phase I
as-built system were completed.  A RF-multi-sensor module has been installed and tested
using temperature and other system data.  A draft standard operating procedure for initial
trials has been completed.

Planned Activities

• Complete implementation of SDMS methodology on laboratory test loop.
• Fabricate advanced RF tag/multi-sensor units.
• Fabricate SDMS demonstration system.
• SDMS performance demonstration through a developing program of measurements

and data analysis for a pilot plant scale water treatment system.
• Non-destructive degradation and stressor recognition models will be tested and

verified on the test loop.

SDMS System with Display
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NNuucclleeaarr  PPrroocceessss  HHeeaatt  ffoorr  tthhee  CClleeaann  aanndd  EEffffiicciieenntt  UUttiilliizzaattiioonn
ooff  tthhee  FFoossssiill  RReessoouurrccee

PI: Kenneth R. Stroh, Los Alamos National Laboratory

Collaborators: Texas A&M University

Project Start Date: August 1999           Project End Date: August 2001

Project Number: 99-0188

Research Objective

Nuclear fission has traditionally been used to produce electricity.  However, in order to
take advantage of the potential of nuclear energy, the areas of applicability of nuclear can
be broadened.  A brief look at current energy consumption patterns indicates that
significant amounts of primary energy are consumed as heat.  This suggests that nuclear
sources can make contributions to the thermal energy market.  In this study, nuclear
energy is considered as a primary source for process heat. The design effort is focused on
the steam reforming of methane, which is chosen as a surrogate for other candidate
chemical processes.

The High Temperature Gas-cooled Reactor (HTGR) has a number of inherent safety
characteristics, which make it attractive for this application.  The HTGR also can produce
high quality, high temperature process heat, which makes it attractive as a primary energy
source.  In addition, this concept has the potential to be competitive with other sources on
the energy market.

The main goal of this study was to explore the options and limitations for coupling
nuclear reactor heat to an endothermic chemical process.  Important aspects of HTGR
design and safety, high temperature fuel performance, and system requirements were
taken into consideration.  Important aspects of reactor physics of the HTGR were also
examined.

Research Progress

The HTGR has the potential to compete with other systems for primary energy
production.  The high temperatures which can be achieved in the pebble-bed HTGR lead
to high values of thermal efficiency, better thermal dynamic cycles, and a broader range
of possibilities for replacing conventional heat sources.  A number of new high
temperature materials have been developed since the first pebble-bed HTGR design was
proposed.  With these improvements, outlet temperatures of the order of 850oC to 900oC
or even higher may be achievable.
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The following areas have been studied:

• Analysis of HTGR reactor physics and important components of the pebble-bed
HTGR.  Review of existing pebble-bed HTGR designs and the unique characteristics
of this core for computational modeling.

• Evaluation of the influence of the HTGR core parameters on neutronics.
• Improvement of HTGR concepts on the basis of efficient utilization of different forms

and types of nuclear fuels and new structural materials.
• Determination of the safety characteristics of the HTGR core.

In this study, the detailed modeling of the pebble-bed HTGR core utilized up-to-date
basic nuclear data and computational methods.  Transport theory and Monte Carlo
methods were used to take into account the three-dimensional complexity of the HTGR
design.  Models of the pebble-bed HTGR core accounted for the double heterogeneity of
the core containing fuel pebbles and dispersion fuel.  Within the frame of this study, the
pebble-bed model has been verified using the low-enriched uranium (LEU)-High
Temperature Reactor (HTR) PROTEUS calculation benchmark results obtained through
the International Atomic Energy Agency Coordinated Research Program on the
“Validation of Safety Related Reactor Physics Calculations for Low-Enriched HTGR’s.”
The investigations focused on core consideration.

The following are the main conclusions based on the analysis of the core design and the
safety and fuel performance:

• Replacement of the SiC coating interlayer of the fuel particle by the ZrC coating
interlayer does not significantly influence the neutron multiplication level in the
pebble-bed core.  However, the presence of zirconium (Zr) in the core reduces the
multiplication capability, and hence the fuel performance in the pebble-bed system.

• The pebble-bed HTGR core operation capabilities are acceptable at the potential
temperatures.

• Performance of dioxide and dicarbide fuels in the pebble-bed HTGR core is
compatible and the observed differences are small.  However, the rate of depletion for
carbide fuel is lower than for oxide.

• In case of the pebble-bed HTGR with LEU, the uranium enrichment can be reduced.
The minimum permissible uranium enrichment level is 4-5 percent .  Fuel lifetimes
for LEU with 10 percent  of U-235 is three to four years.  It is possible to utilize pure
Pu-fuel and mixed U-Pu in the pebble-bed HTGR core instead of uranium fuel.  In the
case of utilization of Pu-fuel and mixed U-Pu in the pebble-bed core, fuel lifetimes
can be increased up to 10 years.

• Uranium (U)-fuel, pure plutonium (Pu)-fuel, and mixed U-Pu fuel have negative
temperature reactivity coefficients in the pebble-bed HTGR core.
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• The pebble-bed HTGR core can be used to burn weapons grade plutonium.
Additional study is needed for fuel performance optimization for plutonium
disposition in the pebble-bed core in order to provide the most efficient utilization of
the material with maximum depletion.

Planned Activities

The following activities planned for the FY 2001 research effort will focus on a 50 MWth
pebble bed core building on the Texas A&M study performed to date.

• Retain all of the principal characteristics of the core used in the Texas A&M analysis.
• Perform a thermal and fluid-flow analysis of the entire reactor system.
• Complete a preliminary plant layout integrating all of the major components.
• Produce a final report with the conceptual design and supporting documentation and

calculations.



NNUUCCLLEEAARR  EENNEERRGGYY  RREESSEEAARRCCHH  IINNIITTIIAATTIIVVEE

54

NNoovveell  IInntteeggrraatteedd  RReeaaccttoorr  PPoowweerr  CCoonnvveerrssiioonn  SSyysstteemm

PI: Dimitri Paramonov, Westinghouse Electric Company LLC

Collaborators: University of New Mexico

Project Start Date: August 1999 Projected End Date: September 2002

Project Number: 99-0198

Research Objective

The overall objective of this project is to assess the technical and economic feasibility,
develop engineering solutions, and determine a range of potential applications for a
Novel Integrated Reactor/Energy Conversion System.  The near term goal is the design of
a power supply for use by developing countries in remote locations that is proliferation
resistant, reliable, and economical.  The heart of the concept is the use of a single
working fluid (liquid metal) to be heated in a fast reactor and energy conversion of heat
directly into electricity in an Alkali Metal Thermal to Electric Converter (AMTEC).  It is
expected that the integration of the nuclear heat source and energy conversion system
would result in a power system with:

• A high degree of proliferation resistance due primarily to the use of a long life core
(about 15 years without fuel shuffling or refueling).

• Enhanced reliability and safety due to the use of direct energy conversion methods,
such as AMTEC and a thermoelectric bottoming cycle.

• Economic power generation using a simple system layout, isothermal operation of the
energy conversion devices, operation without refueling, and possibly, disposal
without the potential for radioactive releases or material diversion.

The project is being performed by Westinghouse Electric Company LLC, which is
responsible for the long life sodium reactor development, the University of New
Mexico’s Institute for Space Nuclear Power Studies, which is developing a suitable
AMTEC energy conversion system, and the University of New Mexico’s New Mexico
Engineering Research Institute.

Research Progress

The first year of the project focused on the feasibility issues associated with a long life,
high temperature liquid metal-cooled core, selection of the working fluid, core-to-
AMTEC coupling scheme and interface parameters, and energy conversion system
design and performance.
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The neutronics calculations for a core design cooled by sodium or potassium were
performed with a three dimensional Monte Carlo model and a set of newly developed
high temperature cross-sections.  The core consists of 60 hexagonal fuel assemblies with
each assembly containing 169 fuel rods.  It also includes two groups having six control
rod assemblies in each and a central control rod assembly to control transients.  B4C is
currently considered the control rod absorber material.  A flat, pancake core design is
adopted (core height-to-diameter ratio of 0.4).  Later studies may re-evaluate this ratio
and attempt to improve the trade-off between the neutron economy and reactivity control.
Simulations of voiding confirmed that the core exhibits a negative void coefficient.
Initial evaluation of the control rod reactivity worth indicates that it is appropriate.  As a
result, the feasibility of a long life sodium-or potassium-cooled core was analytically
demonstrated as meeting the neutronic and reactivity control design expectations and
requirements.

An extensive evaluation of lithium, sodium, and potassium as the working fluid was
performed based on performance (potassium might deliver significantly higher AMTEC
efficiency), core thermal-hydraulics and safety, accumulated experience, and implications
for a thermoelectric bottoming cycle design.  Based on this assessment, lithium was
eliminated, sodium was selected as the first choice, and potassium was selected as the
second choice.  Proven cold trapping techniques are judged adequate to control impurities
in the envisioned pumped liquid metal circuit.

Based on the AMTEC performance analyses, fuel cladding and AMTEC structural
performance considerations, a mixed mean core outlet temperature of 1000°K was
selected as the governing parameter for the core-to-AMTEC interface.  Vapor generation
outside of the core through flash evaporation was selected as a coupling scheme to
generate electricity and optimize AMTEC performance.  At an AMTEC electrolyte
temperature of 1000°K, a sodium AMTEC has a maximum efficiency of 23.5 percent and
optimized condenser temperature of 630°K, versus 29.0 percent and 550°K for a
potassium AMTEC.  A schematic of an integral vessel housing reactor core, AMTEC
converters and coolant pumps is depicted in the figure below.

Because cladding performance is considered to be the limiting design parameter, it was
the focus of the thermal-hydraulic analyses.  Nominal and maximum (3σ confidence
level) cladding temperatures in the hot channel were determined using a semi-statistical
uncertainty analysis approach.  The resulting nominal and maximum cladding
temperatures in the hot channel were found to be 1100°K (1490°F) and 1150°K (1580°F),
respectively.  These values are well within the limits of the selected Nb-1Zr cladding
material.

Selection of Nb-1Zr as the reference cladding material is based on the good performance
of the Nb-1Zr and uranium nitride fuel system in extensive irradiation tests for the SP-
100 space reactor.  The disadvantages and nuclear penalties of using Nb-1Zr as the
cladding material are known.  For the projected maximum cladding temperatures,
selected high temperature alloys could be employed.  Austenitic alloys previously used in
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The reference reactor vessel and system layout schematic (1 – core, 2 – control rod
guides, 3 – vessel, 4 – high pressure drop orifice (flash evaporator), 5 – high temperature,
high pressure, subcooled working fluid region, 6 – high temperature, high pressure,
saturated working fluid region, 7 – pump/mixer, 8 – high pressure, high temperature,
saturated vapor region, 9 – high pressure, low temperature region, 10 – entrance to the
AMTEC vapor feed channel, 11 – AMTEC energy conversion module, 12 – heat rejection
heat pipe, 13 – low-pressure vessel portion, 13 – low temperature, low pressure region, 14
– low pressure, low temperature region, 15 - AMTEC cell working fluid discharge line, 16 –
control rod drive line, and 17  - control rod guide.

liquid metal reactor (LMR) fuel rod tests were found to have insufficient creep strength at
the maximum cladding temperatures.  Precipitation hardened nickel alloys have sufficient
creep strength, but loose ductility during irradiation and were previously found to be not
suitable as LMR cladding materials.  Most of the solution hardened high temperature
materials include cobalt as an essential alloying element and are, therefore, also not
suitable as cladding material.  A suitable nickel alloy cladding with adequate creep
strength, post irradiation ductility and without cobalt has not been found.   Development
of such a material could have application in high temperature gas cooled reactors and is
probably forthcoming.  However, application of such material as a high temperature fuel
rod cladding material requires extensive irradiation testing of the cladding material and
fuel rod.  Therefore, Nb-1Zr is the reference choice material.  A nickel alloy with yet
untested irradiated properties is an alternative material.
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Planned Activities

The first year of the program has demonstrated basic technical feasibility of a direct cycle
liquid metal reactor – AMTEC power system.  Activities planned for the second phase
include:

• Complete the burnup calculations for middle and end of core life.
• Finalize the reactor control approach.
• Perform three-dimensional thermal-hydraulic core modeling and select an orificing

scheme.
• Design fuel rods for conditions consistent with core neutronics and thermal-

hydraulics.
• Assess transient system performance.
• Design AMTEC cells and modules and finalize selection of structural materials.
• Develop an overall system layout.
• Address materials compatibility and mass-transport issues.
• Assess the system potential for co-generation.
• Design the thermoelectric bottoming cycle.
• Assess operation and maintenance issues, spent fuel disposal alternatives,

transportation safety and proliferation resistance issues.
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DDiirreecctt  EEnneerrggyy  CCoonnvveerrssiioonn  FFiissssiioonn  RReeaaccttoorr

PI: Gary F. Polansky, Sandia National Laboratories

Collaborators: Los Alamos National Laboratory, General Atomics, University of
Florida, Texas A&M University

Project Start Date: August 1999 Projected End Date: September 2002

Project Number: 99-0199

Research Objective

The goal of this project is to use nuclear energy to generate electricity without boiling
water.  A nuclear fission reaction produces neutrons, electrons, gamma rays, and
energetic positively charged heavy atoms with 95 percent recoverable energy.  These
particles heat the surrounding structure usually generating energy in the form of heated
water.  The efficiency of follow-on processes, however, tends to limit the amount of
generated electrical power.  The steam cycle, for example, limits overall efficiencies for
current nuclear power plant designs to approximately 33 percent.  Direct nuclear energy
conversion is any scheme that utilizes the fission energy directly from fissioning nuclear
fuel.  The intent of this project is to produce a design package that serves as the
cornerstone to the process that ends with commercial development of a direct energy
conversion device.

Experiments conducted during the late 1950’s and early 1960’s demonstrated the
viability of the basic physics of direct energy conversion.  However, technical challenges
then limited practical efficiencies.  Since then, dramatic improvements have occurred in
such technological disciplines as computational mechanics, reactor pumped lasers, pulsed
power, and space nuclear power that are directly applicable to this technology.  The
objective of this project is to re-examine these concepts and to apply new technology to
find new and potentially commercially feasible fission energy alternatives.

Research Progress

A project team consisting of scientists and engineers from Sandia National Laboratories,
General Atomics, Los Alamos National Laboratory, Texas A&M University, and the
University of Florida recently completed the first year of this project.  After reviewing
published literature, and developing additional concepts, schemes employing the physics
of electromagnetics, magnetohydrodynamics, photonics, solid-state electronics, and
electrostatics have been considered.

Several promising concepts involve a magnetically insulated fission electric cell.  In its
simplest form, the cell emits charged particles at the cathode and collects them at the
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anode.  An intermediate electrode suppresses the flow of electrons, allowing a voltage to
build-up across the electrodes.  In a fission electric cell, the cathode is fissioning material.
As fission occurs, it emits positively charged heavy atoms and electrons.  If the electrons
can be separated from the positive charges, a usable voltage can be generated between the
two electrodes.  Historic designs placed a fine grid of negatively charged wire between
the electrodes.  This grid forms a barrier to electron flow, but was previously
demonstrated to be significantly inefficient.  Advances in complex magnetic field
modeling and superconductor technology make it possible today to design an efficient
magnetic field to replace the wire grid.  The magnetic field acts as a force field to
separate the electrons from the heavy atoms.  The concept of magnetic insulation was
developed at Sandia for inertial confinement of fusion.  Depending on the configuration,
this concept allows devices with high efficiencies and power generation potentials.  Two
devices have been selected for further study using this principle; Quasi-Spherical
Magnetically-Insulated Fission Electric Cell, and Fission Fragment Magnetic Collimator.

Quasi-Spherical Magnetically Insulated Fission Electric Cell: This design uses spherical
cells with the fissioning cathode placed at the center as illustrated in the figure below.
High-intensity shaped magnetic fields trap the electrons near the cathode allowing the
more massive atoms to reach the anode and deposit their charge.  Because a spherical
geometry maximizes the recovery of fission particles, this scheme could achieve
efficiencies theoretically as high as 60 percent.  Overall, this device would be very
compact, and would be stacked, like batteries, to produce the desired voltage and current.
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Fission Fragment Magnetic Collimator: This theoretical device uses magnetic insulation
to direct all the positive and negative charges to common collectors.  Fissionable material
in thin wires is placed in a parallel magnetic field inside a cylinder.  As the fuel fissions,
the electrons and positive particles remain separated and drift to the ends of the cylinder.
At the ends, the particle energy is collected in an electric field insulated collector.

Quasi-Spherical Magnetically Insulated Fission Electric
Cell
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Efficiencies could achieve 35 percent.  These devices can be large and have the potential
for generating large quantities of power.

Another approach to direct conversion utilizes the physical concept of
magnetohydrodynamics to generate electricity.  The combination of charged material
moving against a magnetic field causes electrons to flow in electrodes.  If the charged
material is a fluid, there are no moving parts.  The higher the charge and the faster the
fluid flow, the higher the electrical output.  Such fluid devices are called
magnetohydrodynamic (MHD) generators.  One device, the Gaseous Vapor Core Reactor
utilizes this principle.

Gaseous Vapor Core Reactor with MHD Generator: This direct scheme uses a high-
temperature gaseous core reactor to generate partially ionized fissioning plasma that
passes through an MHD channel to generate electricity.  The unprocessed heat in the
MHD cycle is transferred to a superheated Brayton cycle (gas turbine) and/or Rankine
power cycle (steam turbine) to achieve combined efficiencies on the order of 60-70
percent.

During this year’s study, nine different concepts were investigated.  These concepts were
analyzed and ranked to select the top three concepts.  Efficiency was given the most
weight with safety, feasibility, academic interest, operability, and proliferation resistance
also being considered.  Based on this review, the three concepts discussed above were
chosen for further study.

Planned Activities

In this coming year, the team will concentrate on detailed definition of these three
concepts with emphasis on identifying critical technical issues from each and defining
experiments or research to refine the issues further.  The culmination of the second year
will be the selection of one concept.  In the last year of this three year project, the team
will concentrate on completing research and experiments while concentrating on
compiling a preliminary design and defining future experiments for the selected concept.
This activity leads to a final report containing the preliminary design; a list of needed
critical technological developments and the research and experiments to achieve these
developments.
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NNoovveell  IInnvveessttiiggaattiioonn  ooff  IIrroonn  CCrroossss  SSeeccttiioonnss  vviiaa  SSpphheerriiccaall  SShheellll
TTrraannssmmiissssiioonn  MMeeaassuurreemmeennttss  aanndd  PPaarrttiiccllee  TTrraannssppoorrtt

CCaallccuullaattiioonnss  ffoorr  MMaatteerriiaall  EEmmbbrriittttlleemmeenntt  SSttuuddiieess

PI: Steven M. Grimes, Ohio University

Collaborators: Pennsylvania State University, National Institute of Science &
Technology

Project Start Date: August 1, 1999 Projected End Date: August 31, 2002

Project Number: 99-0228

Research Objective

The objective of this project is to perform precision measurements and detailed neutron
transport simulations to accurately determine the iron non-elastic scattering cross sections
in order to alleviate the well-known deficiency that exists in reactor pressure vessel
(RPV) neutron fluence determinations.  Measurements will be performed using
accelerator-based neutron sources at energies greater than 1 MeV.  Neutron time-of-flight
measurements will be made at selected energies with both thin and thick spherical iron
shells positioned over the neutron source.  Such measurements provide information on
the total non-elastic cross section, and various components of the non-elastic cross
section for which there are neutrons in the exit channel.  The thick shell work retains
much of the cross section sensitivity of the thin shell measurements; however, more
importantly, this work provides a way of determining the quality of evaluated
microscopic cross section data by an application to a macroscopic system through which
neutron transport can be determined.

Detailed particle transport calculations are performed to optimize the experiment, to
improve the accuracy of the experimental data, and to generate continuous-energy and
multigroup cross sections for comparing the measurements to calculations of the neutron
transport through the shells.  A series of time-dependent Monte Carlo neutron transport
calculations will be used to investigate different experimental configurations in order to
optimize the experiment.  For this task, the A3 (Automated Adjoint Accelerated Monte
Carlo Neutron Photon [MCNP]) computer code and the three dimensional Parallel
Environment Neutral-particle TRANsport (PENTRAN) code will be utilized.
Subsequently, the experimental data will be analyzed using Monte Carlo and
deterministic discrete ordinates neutron transport techniques in order to obtain
information about energy regions where problems may exist with accepted iron cross
section evaluations.  It is expected that new methodologies and tools developed from this
project may find use in other DOE projects.
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Iron Sphere Experimental Setup.  The gas cell is located at the center of the sphere with
two water cooling lines, one air cooling line, and a gas filling line.   The top of the low
mass support stand is visible below the lower half of the iron sphere.   The upper half
of the sphere has been removed to reveal the details of the interior.

Research Progress

The design of the experiment has been thoroughly studied, and final plans have been
made for performing the experiment.  Several hemispherical sections of different
dimensions have been obtained for this work.  Also, a radius cutter was ordered so that
additional hemispheres can be fabricated to give maximum flexibility to adapt to the
needs of the spherical shell transmission experiments.  High-quality iron has been
obtained for making additional hemispheres; in all cases compositional analyses are
planned for the iron hemispheres.  Nineteen source reactions that are suitable for this
work have been studied.  The best source for the spherical shell measurements is one that
has high intensity and is constant in intensity and energy as a function of angle.  The
reactions that most closely satisfy these criteria are the 15N(p,n)15O and D(d,n)3He
reactions, which are appropriate for the low and high energy regions, respectively.
Fabrication of the sources has been completed.  Measurements were made of source
spectra for several reactions that may be appropriate for determining detector efficiency.
The Al(d,n) reaction was chosen for this work above 250 KeV, since there is relatively
little energy dependent structure in its spectrum.  Additional experimental work using the
Be(p,n) reaction yielded absolute efficiencies of neutron detectors down to about 80 KeV.
Making efficiency measurements with white-spectrum source reactions such as these
removes a limitation on previous work by others where the efficiency was determined at
a limited number of isolated points necessitating interpolation between those points.  The
final efficiency determination for the lithium glass and NE-213 neutron detectors will be
accomplished at the time of the experiment using the above-described white-spectrum
source reactions.  The experimental setup for the iron sphere measurements is shown in
the figure below.
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In order to improve the experimental accuracy, new analytical neutron transport
methodologies were developed.  For example, in selecting an optimal target shape and
target-source combination, different target shapes and thicknesses were compared on the
basis of particle interaction rates for two available cross-section evaluations.
Specifically, a new tallying capability was developed in the MCNP code with which the
history (including energy, position, and direction) can be distinguished of those particles
that have gone through elastic and/or inelastic scattering interactions.  This work impacts
both the accuracy and cost of measurements, and it also provides very useful information
related to target shape that may be beneficial to this class of measurements.  Because of
the substantial degree of particle streaming that the experiment exhibits, new methods
were developed for generating angular quadrature sets that yield the large number of
directions (in excess of the 440 directions available from an S20 level-symmetric
quadrature set) necessary for reduction of “ray effects.”  Also developed was a new
methodology that couples PENTRAN forward and adjoint SN solutions with ray-tracing
techniques, which was used to model the experiment.  In addition, models were
developed for performing sensitivity studies of the effects of variations in the energy
dependency of inelastic scattering cross-sections.  For this purpose, the PENTRAN code
is used, which is very effective for solving deep-penetration problems because of its
parallel processing capability and accurate numerical schemes.

Planned Activities

Additional work will be done using new tallying capability and A3MCNP and PENTRAN
models to further refine the experiment.  Additional iron spheres will be fabricated as
needed.  Work will continue on modeling alternate experimental setups that may yield
more accurate results.  For example, placement of the detector relative to the target will
be examined.  Initial measurements will be made of the spectra of neutrons transmitted
through a thin iron sphere; inelastic and elastic scattered groups of neutrons will be
detected.  The new tallying capability of MCNP will be used to estimate similar
information.  In conjunction, preliminary analysis of the measured data will commence;
this will be augmented by appropriate transport simulations.  In addition, analytical
techniques will be used to compare the results of this work with that obtained with
accepted evaluations of the iron cross sections.
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HHiigghh  EEffffiicciieennccyy  GGeenneerraattiioonn  ooff  HHyyddrrooggeenn  FFuueellss  UUssiinngg  NNuucclleeaarr  PPoowweerr

PI: Lloyd Brown, General Atomics

Collaborators: University of Kentucky, Sandia National Laboratory

Project Start Date: August 1, 1999 Projected End Date: August 2002

Project Number: 99-0238

Research Objective

Hydrogen is an environmentally attractive transportation fuel that has the potential to
displace fossil fuels when coupled with fuel cells.  Fuel cells are more efficient than
conventional battery/internal combustion engine combinations and do not produce
nitrogen oxides during low temperature operation.  Contemporary hydrogen production is
primarily based on fossil fuels—more specifically on natural gas.  When hydrogen is
produced using energy derived from fossil fuels, there is little or no environmental
benefit.

Currently, there is no large scale, cost-effective, environmentally attractive hydrogen
production process available for commercialization.  The objective of this research is to
find an economically feasible process for the production of hydrogen, by nuclear means,
using an advanced high-temperature nuclear reactor as the primary energy source.
Hydrogen production by thermochemical water splitting, a chemical process that
accomplishes the decomposition of water into hydrogen and oxygen using only heat or, in
the case of a hybrid thermochemical process, by a combination of heat and electrolysis,
could meet these goals.

The essential characteristics of a thermochemical water-splitting process can be seen in
the simplified schematic of the sulfur-iodine process illustrated below.  Thermal energy
drives at least one endothermic high temperature chemical reaction.  At least one
spontaneous low temperature exothermic chemical reaction delivers waste heat to the
environment.  Additional chemical reactions, as necessary, balance the overall
stoichiometry such that water is the only net reactant and hydrogen and oxygen are the
only net products of the process.

Research Progress

An exhaustive literature search was performed to locate all thermochemical water-
splitting cycles.  Thermochemical water-splitting is the conversion of water into
hydrogen and oxygen by a series of thermally driven chemical reactions.  The cycles
located were screened using objective criteria, to determine which can benefit, in terms
of efficiency and cost, from the high temperature capabilities of advanced nuclear
reactors.  An important part of the preliminary screening effort dealt with the details of
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organizing and presenting data in an easy to use form, i.e., the organization of project
specific databases.
The literature search turned up far too many cycles (115) to analyze in depth.  In order to
establish objective screening criteria, with which to reduce the number of cycles to a
manageable number, it was necessary to establish meaningful and quantifiable criteria.
The desirable cycle characteristics upon which quantifiable metrics were developed and
used as screening criteria are as follows.  Higher ranked cycles will:

• Have a minimum number of chemical reaction steps in the cycle.
• Have a minimum number of separation steps in the cycle.
• Have a minimum number of elements in the cycle.
• Employ elements, which are abundant in the earth’s crust, oceans, and atmosphere.
• Minimize the use of expensive materials of construction by avoiding use of corrosive

chemical systems, particularly in heat exchangers.
• Minimize the flow of solids.
• Have maximum heat input temperature compatible with high temperature heat

transfer materials.
• Have been the subject of many papers from many authors and institutions.
• Have been tested at a moderate or large scale.
• Have good efficiency and cost data available.

The screening criteria were applied to all 115 cycles and the results were sorted
according to the total number of screening points awarded to each process.  Using 50
points (out of the total possible of 100) as the cut-off score gave a short list of over 40
cycles.  Three additional go/no-go tests were applied to the short list leaving a first stage
final short list of 25 cycles.  As part of the second stage screening process, detailed
investigations were made into the viability of each cycle.  The most recent papers were
obtained for each cycle, thermodynamic calculations were made over a wide temperature
range, and each chemical species was considered in each of its potential forms (gas,
liquid, solid, and aqueous solution).  As a result of this analysis, two cycles were rated
far above the others: Adiabatic UT-3 and sulfur-iodine cycles.

Planned Activities

The sulfur-iodine cycle has the highest reported efficiency.  Various researchers have
pointed out improvements that should increase the already excellent efficiency of this
cycle and, in addition, lower the capital cost significantly.  During the next phases of this
project, improvements that have been proposed to the sulfur-iodine cycle will be
investigated and an integrated flowsheet describing a thermochemical hydrogen
production plant powered by a high-temperature nuclear reactor will be generated.  The
detailed flowsheet will allow the process equipment to be sized and calculations to be
made on the hydrogen production efficiency.  Calculations on the capital cost of
equipment will be conducted along with an estimate of the cost of the hydrogen
produced as a function of nuclear power costs.
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It would be advantageous, but not essential, if some form of joint collaboration can be
established with the Japanese (the basic UT-3 cycle was first described at the University
of Tokyo and essentially all work on the cycle has been performed in Japan).  Although
effort for this project is concentrated on the sulfur-iodine cycle, interest in the UT-3 cycle
remains.  The work proposed here, and which will be carried out for the sulfur-iodine
cycle has, to a large part, already been performed in Japan for the Adiabatic UT-3
process.  The Japanese are encouraged to perform the required non-steady state analysis.
After both the Japanese tasks and the research proposed here are complete, there will be
two processes from which to select a means of producing hydrogen using nuclear power.
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""SSmmaarrtt""  EEqquuiippmmeenntt  aanndd  SSyysstteemmss  ttoo  IImmpprroovvee  RReelliiaabbiilliittyy  aanndd
SSaaffeettyy  iinn  FFuuttuurree  NNuucclleeaarr  PPoowweerr  PPllaanntt  OOppeerraattiioonnss  ((SSMMAARRTT--NNPPPP))

PI: Felicia A. Durán, Sandia National Laboratories

Collaborators: Pennsylvania State University, Massachusetts Institute of
Technology, ABB-Combustion Engineering, Duke Engineering &
Services

Project Start Date: August 1, 1999 Projected End Date: September 2002

Project Number 99-0306

Research Objective

The goal of this research is to design, develop, and evaluate an integrated set of tools and
methodologies that can improve the reliability and safety of advanced nuclear power
plants through the introduction of ‘smart’ equipment and predictive maintenance
technology.  This will ultimately aide in the reduction of construction, maintenance, and
operational costs.

To accomplish the goal the “Smart” Equipment program is:

• Identifying and prioritizing nuclear plant equipment that would most likely benefit
from adding ‘smart’ features.

• Developing a methodology for systematically monitoring the health of individual
pieces of equipment implemented with ‘smart’ features (i.e., ‘smart’ equipment).

• Developing a methodology to provide plant operators with real-time information
through ‘smart’ equipment Man-Machine Interface (MMI) to support their decision-
making.

• Demonstrating the methodology on a selected component.
• Expanding the concept to system and plant levels that allow communication and

integration of data among ‘smart’ equipment.

The SMART-NPP team established the following working definition of “Smart
Equipment”: Smart equipment embodies elemental components (e.g. sensor, data
transmission devices, computer hardware and software, MMI devices) that continuously
monitor the state of health of the equipment in terms of failure modes and remaining
useful life, in order to predict degradation and potential failure and inform end-users of
the need for maintenance or system-level operational adjustments.
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Research Progress

Research accomplishments to date include:

• Developed system/component criteria to establish priorities for ‘smart’ equipment
application and used it to prioritize both pressurized water reactors (PWR) and
boiling water reactors (BWR) systems.

• Based on the prioritization, selected a high energy, horizontal centrifugal pump as a
demonstration component for a Health Monitoring System (HMS).  A demonstration
test-bed of the pump lube system has been built at Penn State University.  The test-
bed, which is illustrated in the picture below, has been instrumented with sensors,
including a PC104 smart sensor, and will provide real-world data over the internet to
the Health Monitoring System.

• Developed HMS architecture using Bayesian Belief Networks to determine failure
probability information based on sensor data and conditional probabilities.

• Procured the use of a pump lube oil system to supply real-world data to the HMS.
• Created the design for a ‘virtual machine’ (VM) for the selected pump to supply

simulated reliability and sensor data to the HMS.  (Figure below.)
• Assessed failure modes for the pump and established an optimum health monitoring

plan.
• Reviewed and assessed sensor technology to develop criteria for sensor element

selection and sensor system architecture.

Demonstration test-bed of the pump lube system
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• Reviewed ‘smart’ equipment MMI technology currently being used in other
industries to support creation of an MMI prototype.

• Established industry contacts for potential cooperative working arrangements.

Planned Activities

The team has high expectations of realizing a demonstration HMS tied to both a
physical, real-world system and a VM simulation by the end of FY 2002.  The major
deliverables for Project Year Two (October 2000-September 2001) are: 1) Lube System
Sensor Installation Report; 2) 'Virtual Machine' (VM) Alpha User's Manual; and, 3)
Smart System Demonstration Status Report.
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Internet

Schematic of the Health Monitoring System linked via the internet to the Virtual
Machine and a ‘smart’ physical plant component



NNUUCCLLEEAARR  EENNEERRGGYY  RREESSEEAARRCCHH  IINNIITTIIAATTIIVVEE

70

CCoonnttiinnuuoouuss--WWaavvee  RRaaddaarr  ttoo  DDeetteecctt  DDeeffeeccttss  wwiitthhiinn  HHeeaatt
EExxcchhaannggeerr  &&  SStteeaamm  GGeenneerraattoorr  TTuubbeess

PI: Thurlow W.H. Caffey, Sandia National Laboratories

Collaborators: New Mexico State University, Electric Power Research Institute

Project Start Date: August 1999 Projected End Date: June 2002

Project Number: 99-0308

Research Objective

The overall objective of this three-year program is to design, fabricate, and demonstrate a
complete defect-detection system using an in-tube radar (ITR) within a variety of steam-
generator tubing typically found in nuclear-electric power plants.  The ITR is
fundamentally different from the eddy-current methods now in use because it is based on
backscatter from a defect rather than the disturbance of current flow in the tube wall.  An
electric field, parallel to the axis of the tube, is transmitted into the tube wall, reflected
from a defect, and returned to an internal receiver all operating in the near field.  The
fundamental premise is that the change in axial electric field caused by the defect will be
distinguishable from the null field present in the absence of defects.

This first year’s work had the following research objectives:

• Defect Modeling: Three-dimensional (3D) electromagnetic codes in cylindrical
coordinates, including the transmitter, were needed to determine the backscatter from
defects of different geometries, orientations, and wall locations.

• Alignment Sensitivity: Preliminary modeling showed that there would be no
transmission from the transmitter to the receiver if both were located exactly on the
centerline of the tube.  However, further modeling was needed to show that slight
departures from the ideal coaxial geometry, consistent with mechanical tolerances,
would still allow acceptable performance.

• Prototype Design: Mechanical packaging, centering provisions, fiber-optic links, on-
board power, antennas, amplifiers, and translation system designs were started both to
provide some parameters needed for the above modeling codes, and to ensure timely
completion of the project.
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Research Progress

Although the research objectives are presented separately they are actually interrelated.
For example, centering provisions have a direct effect upon the amount of direct
transmission, or ‘clutter’, from the source to receiver.  First year accomplishments are
presented below in the same order as the objectives listed above.

Defect Modeling: Originally, these computations were to be done by scaling the 3D code
GEMC at Sandia.  It was apparent, by the January project meeting, that the modifications
to GEMC would be very time-consuming.  An improved version, named HELM, became
available from another program but was not successfully used because of platform
incompatibilities.  In mid-June, a New Mexico State University (NMSU) researcher
began development of a cylindrical, finite element 3D code called FEMTUBE.  By early
September, using a coarse mesh with only 1176 solid elements, this researcher showed
that a defect on the outside of the tube wall does cause a corresponding change in the
electric field.

This result established the basic premise but only in principle for one fracture model.
The milestone report for this task has been delayed pending the computation of a suite of
fracture geometries, location, size, and orientation.

Alignment Sensitivity: A theoretical code called CTUBE was further developed at Sandia
to compute clutter due to non-ideal geometry.  The present design of centering provisions
predict that the instrument axis will be maintained within a circle, centered on the tube
centerline, with a radius of 5 percent of the inner radius of the tube.  CTUBE, however,
becomes unstable when the transmitter and receiver are separated by the design value
(less than one inch).  Preliminary results from CTUBE, at slightly greater distances,
predict that the effect of clutter will be acceptably small.  This is encouraging, but the
milestone report for this task has been delayed pending the solution of the stability
problem within the design separation limits.

Prototype Design: The mechanical design of the probe and the testing fixture was
assigned as a problem for the nine senior students in a capstone, mechanical engineering
design class at NMSU.  An early conclusion was to build a scaled-up version of the
instrument and measure its performance in a large metal tube.  Two different sizes were
examined, namely 3.4-inch and 12-inch ID, together with three materials: aluminum, cast
iron, and Inconel 600.  An electromagnetic analysis showed that a low conductivity metal
was required in order to keep the wall thickness from becoming too thin. Accordingly, a
six-foot length of Inconel 600, with an ID of 3.438 inches and a 0.2-inch wall thickness
was obtained.  A three-team design contest was held for the test fixture, and fabrication
drawings of the best option are now nearly complete.  A commercial source for the trans-
lation system with a position encoder has been located (shown in the figure below).  The
design of the centering system for the scaled-up prototype is complete.  Prototype units
for the power amplifier for the transmitter as well as the ferrite rod antenna have been
designed and fabricated.  On the receiver side, a monopole antenna and amplifier have
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been designed and a prototype unit fabricated.  These designs can be finalized once they
are integrated with the two-way fiber-optic link guided by the results of calculations with
FEMTUBE.  Electrical design has received a great deal of attention, not only because of
the small volume of the probe.  The chief difficulty is that the receiver must be connected
to the outside world by a two-way fiber-optic link with two diodes in the receiver that
must operate on the micropower delivered by a hearing aid or watch battery.

Planned Activities

A recently developed basis system will be incorporated into FEMTUBE to permit the use
of small meshes for only the representation of the defect, and not for the entire model
tube.  This will reduce both computational time and memory requirements.  Work on a
pattern recognition code has already begun, and will accelerate as different defect
responses are provided from FEMTUBE.  Three different approaches have been
identified to eliminate the stability problems with CTUBE at small separation distances.

These computational efforts and the on-going development and manufacture of the
scaled-up prototype should enable the milestone hand-pull-through system tests at NMSU
to take place during the summer of 2001 as planned.

In-Tube Radar Project, Student Design Team with 5x demonstration and test model


