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EXECUTIVE SUMMARY

The Next Generation Nuclear Plant (NGNP) Project being conducted by the U.S. Department of
Energy Office of Nuclear Energy, Science and Technology seeks to develop and demonstrate advanced
nuclear reactor technology to produce electricity and hydrogen in a highly efficient, passively safe, and
economical manner. The NGNP functional requirements will necessitate very-high-temperature operation
(1000°C) compared with conventional systems. The traditional choice of coolant for a very-high-
temperature reactor has been helium, and several helium-cooled designs have been built or are being
developed. However, an alternative option for future high-temperature reactors is to use a molten salt as
the primary coolant; this offers several advantages over gas coolants, owing to the superior
thermophysical properties of liquids, but also introduces a different set of technological and engineering
challenges.

A new reactor plant concept has been proposed that uses clean, high-temperature, low-pressure
molten salt as the primary coolant. The Advanced High-Temperature Reactor (AHTR) concept is a
collaboration of Oak Ridge National Laboratory, Sandia National Laboratories, and the University of
California at Berkeley. The purpose of the concept is to provide an advanced design capable of satisfying
the top-level functional requirements of the NGNP, while also providing a technology base that is
sufficiently robust to allow a growth path to higher power output and higher temperatures, and offering
the potential for highly competitive economics. Although it creates some unique technology challenges of
its own, the AHTR has many strong advantages over gas-cooled reactors and provides an alternative
development path to some of the more challenging technology issues encountered by gas-cooled high-
temperature plants. Primary advantages include lower reactor fuel temperatures, higher-temperature
delivered heat, and better economics.

This report summarizes the status of the AHTR preconceptual design. It captures the results from an
intense effort over a period of 3 months to (1) screen and examine potential feasibility concerns with the
concept; (2) refine the conceptual design of major systems; and (3) identify research, development, and
technology requirements to fully mature the AHTR design. All of the goals of the study were
accomplished.

The AHTR plant represents a unique merging of design features from several other reactor systems.
At the heart of the plant is the reactor core, which is strikingly similar to graphite-moderated, helium-
cooled reactor systems such as Fort St. Vrain and the Gas-Turbine Modular High-Temperature Reactor
(GT-MHR). It uses the same coated particle fuel, cylindrical fuel compacts, and hexagonal graphite fuel
assemblies as these reactors. A large number of fuel assemblies (>3000) are stacked and formed with
similar nonfueled graphite blocks into a large annular core with internal and external reflectors. However,
because the molten salt coolant operates at low pressure, the vessel enclosure system and facility design is
more similar to designs developed for atmospheric-pressure, pool-type, sodium-cooled reactors,
especially the Super Power Reactor Inherently Safe Module (S-PRISM) developed by General Electric
(GE). In the AHTR, the relatively thin reactor vessel is protected from the high-temperature coolant pool
by a thermal blanket.

The molten salt coolant and related systems draw heavily on extensive experience gained from the
earlier Molten Salt Reactor (MSR) program and associated test programs. While the primary system of
the MSR used molten salt with fuel material dissolved directly in the circulating salt, the AHTR uses
“clean” molten salt in combination with solid, stationary fuel. However, much of the MSR-related
experience is directly relevant to the AHTR. Currently, the reference salt for AHTR 1is Li,BeF,,
sometimes referred to as “Flibe.” This selection is based on its thermophysical properties and its better
performance in core transients. However, other promising salts are still being considered. The ultimate
salt selection will be a balancing of several issues, including neutronics, toxicity, activation,
compatibility, cost, etc.
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To meet the passive safety requirements of the NGNP, the AHTR uses a reactor vessel auxiliary
cooling system (RVACS) similar to that of S-PRISM. It may also use a direct reactor auxiliary cooling
system (DRACS) similar to what was used in the Experimental Breeder Reactor II to supplement the
RVACS and reduce the reactor vessel temperature.

The primary molten salt coolant circulates through the core and is pumped to an external heat
exchanger. An intermediate heat transport loop of molten salt is used either to provide heat to a
thermochemical hydrogen production plant or to secondary heat exchangers that drive a closed,
multireheat gas Brayton cycle generator to produce electricity. The current study suggests that the
combination of these advanced features yields a plant design that is capable of generating in excess of
1300 MW of electrical power compared with the 150—-300 MW(e) produced by typical gas-cooled reactor
designs.

Several analyses were performed to quantify the AHTR performance expectations and to assist in the
selection of several design parameters. In particular, core physics, thermal hydraulics, decay heat
removal, and power conversion analyses were performed. In the core physics analysis, the AHTR was
found to share the same large negative temperature feedback as the GT-MHR (approximately —$0.01/°C).
However, whereas the helium coolant of the GT-MHR has a negligible coolant void coefficient of
reactivity, it is possible for the AHTR to have an undesirable positive void coefficient for some salt
compositions and core designs. Several analyses were performed to understand this effect. In the current
core configuration, it appears that achieving a zero or negative void coefficient is possible if high-purity
"Li is used (>99.99%) in the Flibe salt and if burnable poisons are present in the core. Positive void
coefficients are a characteristic of most sodium and lead-cooled fast reactors; however, experience with
existing thermal-neutron reactors suggests that advanced core designs can avoid this problem. Other core
performance characteristics such as fuel burnup and fuel cycle length were found to be similar to those of
the GT-MHR, as was expected due to the strong similarity in fuel and assembly design.

Simplified thermal-hydraulic analyses, which were benchmarked against GT-MHR data, indicated
that for a fixed core outlet temperature of 1000°C for the coolant, the peak fuel temperature in the AHTR
during normal operation will be 110—130°C cooler than for the prismatic helium-cooled NGNP design,
and the average fuel temperature at the core outlet will be 30—50°C cooler. This is a direct result of the
superior heat transfer properties of the molten salt relative to helium. This is significant because the
failure rate of the coated particle fuel increases with increasing temperature.

Earlier, a scaling analysis for the passive decay heat cooling system suggested that the AHTR could
operate at a thermal power of 2400 MW(t). A more sophisticated analysis was performed that indicates
that 2400 MW(t) can indeed be achieved with reasonable RVACS capacity. The analysis showed that for
a loss-of-forced-cooling accident (with scram), significant natural convection of the molten salt is
established and the core temperature peaks at only 1160°C, which occurs about 30 hours after the
accident. The reactor vessel temperature peaks at ~750°C after about 40 hours. This analysis, which did
not include a DRACS, indicates that a 2400 MW(t) AHTR can easily survive this type of transient.

Analysis of the power conversion system to produce electricity showed that the three-stage multi-
reheat Brayton cycle with a turbine inlet temperature of 900°C can yield a conversion efficiency of 54%.
Two options were considered—a pure helium cycle and a nitrogen-helium cycle (10% helium). The latter
case was found to result in a power conversion system that is physically 40% larger than the helium-only
case, although both cases are smaller than an equivalent steam cycle system because they avoid
subatmospheric turbines and steam separators.

There is considerable experience with molten salts from previous reactor programs. A repository
exists of more than 1000 reports that were generated to support the MSR program in the 1960s and early
1970s. An extensive testing program was implemented; and the Molten Salt Reactor Experiment (MSRE),
an 8-MW(t) molten salt (fueled) reactor, ran for >9000 full power hours during a 3-year period. The test
data demonstrate conclusively that the molten salt is fully compatible with graphite and carbon-based
materials and that its interactions with metal alloys are manageable with proper salt chemistry and alloy
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compositions. Also, a detailed conceptual design was developed for a 1000-MW(e) MSR plant. An
important engineering challenge will be to prevent salt freezing during normal and off-normal operations
due to the high melting temperature of the salt (459°C for Flibe). This will be similar, but more extreme
than the case for sodium-cooled and lead/bismuth-cooled reactors. Of special concern are refueling and
maintenance operations, which will require material inspection and handling at ~500°C. Salts were
identified with lower melting temperatures (320-380°C), but they had less desirable neutronics
performance.

A technology challenge that AHTR shares with other high-temperature designs is the availability of
nuclear qualified materials for operation at near 1000°C temperatures. The reactor internals will need to
be made of carbon—carbon composites, and the vessels and metallic components will need to be
superalloys or other advanced materials. The heat exchangers will be a significant challenge, especially
for cases where low-pressure molten salt is on one side and high-pressure gas is on the other. Large
pressure differentials occur in the power conversion heat exchangers of the AHTR and will also occur for
hydrogen production in gas-cooled reactors, since the maximum pressure of the hydrogen process fluids
(<1 MPa) will be substantially lower than the primary helium pressure (7 MPa).

The AHTR appears to have excellent safety attributes. The combined thermal capacity of the graphite
core and the molten salt coolant pool offer a large time buffer to reactor transients. The effective transfer
of heat to the reactor vessel increases the effectiveness of the RVACS and DRACS to remove decay heat,
and the excellent fission product retention characteristic of molten salt provides an extra barrier to
radioactive releases. The low-pressure, chemically nonreactive coolant also greatly reduces the potential
for overpressurization of the reactor containment building and provides an important additional barrier for
fission product release. The most important design and safety issue with the AHTR may be the
performance and reliability of the thermal blanket system, which must maintain the vessel within an
acceptable temperature range.

A comparative cost analysis was performed for the AHTR by scaling individual subsystem costs for
either the GT-MHR or the S-PRISM. The result is that the AHTR overnight capital cost (without
contingency) is estimated to be approximately 820 $/kW(e) (2002 dollars), which is 50-55% of the S-
PRISM and GT-MHR costs for similar total output. This is a consequence of economy of scale. The
AHTR electrical output is approximately four times that of these other reactors but with a similar plant
size and complexity. Relative to light-water reactors, the AHTR should be more economical because of
the higher power conversion efficiency, low-pressure containment, and absence of active safety systems.

In conclusion, there appear to be key performance benefits for the AHTR and no fundamental physics
issues that would challenge the viability of an AHTR plant. There are several technology and engineering
challenges, however. Because the AHTR shares many features with other reactor designs, it will benefit
from technology and engineering solutions developed for these systems. Of the needs specific to the
AHTR, first and foremost is the development and qualification of materials that can withstand >1000°C
temperatures for extended operation (up to 60 years). Research on and demonstration of molten salt
chemistry control and cleanup will also be needed, as well as compatibility with metals at high
temperatures. The major AHTR engineering challenges are (1) achieving a core design that maintains a
negative or negligible coolant void coefficient, (2) designing a thermal blanket system that reliably
protects the reactor vessel from exposure to very-high-temperature salt, and (3) engineering a process and
equipment for economical refueling and maintenance operations. Finally, considerable design analysis
and engineering, with industrial participation, will be needed to fully mature the AHTR design.

xiii



Xiv



ABSTRACT

A new reactor plant concept is presented that combines the benefits of ceramic-coated, high-
temperature particle fuel with those of clean, high-temperature, low-pressure molten salt coolant. The
Advanced High-Temperature Reactor (AHTR) concept is a collaboration of Oak Ridge National
Laboratory, Sandia National Laboratories, and the University of California at Berkeley. The purpose of
the concept is to provide an advanced design capable of satisfying the top-level functional requirements
of the U.S. Department of Energy Next Generation Nuclear Plant (NGNP), while also providing a
technology base that is sufficiently robust to allow future development paths to higher temperatures and
larger outputs with highly competitive economics. This report summarizes the status of the AHTR
preconceptual design. It captures the results from an intense effort over a period of 3 months to (1) screen
and examine potential feasibility concerns with the concept; (2) refine the conceptual design of major
systems; and (3) identify research, development, and technology requirements to fully mature the AHTR
design. Several analyses were performed and are presented to quantify the AHTR performance
expectations and to assist in the selection of several design parameters.

The AHTR, like other NGNP reactor concepts, uses coated particle fuel in a graphite matrix. But
unlike the other NGNP concepts, the AHTR uses molten salt rather than helium as the primary system
coolant. The considerable previous experience with molten salts in nuclear environments is discussed, and
the status of high-temperature materials is reviewed. The large thermal inertia of the system, the excellent
heat transfer and fission product retention characteristics of molten salt, and the low-pressure operation of
the primary system provide significant safety attributes for the AHTR. Compared with helium coolant, a
molten salt cooled reactor will have significantly lower fuel temperatures (150-200°C lower) for the
equivalent temperature of heat delivered to either the power conversion system or a hydrogen production
plant. Using a comparative cost analysis, the construction costs per unit output are projected to be 50—
55% of the costs for modular gas-cooled or sodium-cooled reactor systems. This is primarily a
consequence of substantially larger power output and higher conversion efficiency for the AHTR. The
AHTR has a number of unique technical challenges in meeting the NGNP requirements; however, it
appears to offer advantages over high-temperature helium-cooled reactors and provides an alternative
development path to achieve the NGNP requirements. Primary challenges include optimizing the core
design for improved response to transients, designing an internal blanket to thermally protect the reactor
vessel, and engineering solutions to high-temperature refueling and maintenance.
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1. INTRODUCTION

1.1 BACKGROUND

The production of hydrogen (H,) by thermochemical processes and the highly efficient production of
electricity require significant amounts of energy delivered at very high temperatures. Hydrogen
production may require that heat be provided to chemical reagents at temperatures near 850°C. Similar
temperatures can produce electricity at efficiencies exceeding 50%, substantially greater than current
nuclear plants. In order to provide these temperatures, the reactor coolant exit temperature must exceed
850°C sufficiently to account for temperature drops in the intermediate heat transfer loop from the reactor
to the turbines or the H, production plant. For this reason, work is under way to develop reactors with
coolant exit temperatures of 1000°C. Specifically, the Next Generation Nuclear Power (NGNP) plant
project, which is being directed by the U.S. Department of Energy (DOE) Office of Nuclear Energy,
Science and Technology (NE), specifies a reactor core outlet temperature of 1000°C as a top level
functional requirement.' This project seeks to build a demonstration plant consisting of an advanced
nuclear reactor coupled to an engineering-scale [nominally 50 MW(t)] hydrogen production facility and a
commercial-scale [~600-MW(t)] Brayton power conversion system for electricity production.

Historically, helium has been proposed as the coolant of choice for very high-temperature reactors.
An alternative option is to use a molten fluoride salt as the coolant with the same fuel type that has been
developed and demonstrated in gas-cooled reactors. The superior heat capacity and transport
characteristics of liquids compared with gases enable delivery of high-temperature heat at a near uniform
temperature with lower reactor fuel and component temperatures. This report describes the status of the
preconceptual design of a reactor cooled by molten salt. The new concept, designated the Advanced
High-Temperature Reactor (AHTR), uses a combination of existing technologies: (1) high-temperature,
low-pressure molten-fluoride-salt reactor coolants, (2) coated-particle graphite-matrix fuel developed for
high-temperature gas-cooled reactors, (3) passive safety systems developed for proposed modular gas-
cooled and liquid-metal-cooled reactors, and (4) a high-efficiency closed Brayton power cycle for
electricity production.

1.2 OBJECTIVES OF THE CONCEPT

The primary objective to developing the AHTR is to provide an alternative to gas-cooled reactors for
high-temperature applications, especially for efficient production of electricity and thermochemical
production of hydrogen. In addition to the high production efficiencies of electrical power and hydrogen
afforded by the high-coolant temperature, the improved ability of the liquid coolant to hold and transport
heat at low pressures results in several significant advantages over gas-cooled systems—higher power
output for a similar-sized reactor vessel and containment, reduced reactor vessel thickness, cooler peak
fuel temperatures for normal operation and transients, better retention of fission products released from
failed fuel particles, and reduced plant footprint. All these factors translate ultimately to significantly
improved economics, and some factors can lead to potential safety advantages.

The reference AHTR concept uses a core outlet temperature of 1000°C for the molten salt in order to
respond to the functional requirement specified for the NGNP. This will sometimes be referred to as the
AHTR-VT (very high temperature) concept. However, references are also made in this report to the
AHTR-IT (intermediate temperature), which has a core outlet temperature of 800°C. The AHTR-IT
concept provides a nearer-term option, because the reduced outlet temperature substantially reduces
deployment risk due to material qualification issues. While the AHTR-IT provides the same large thermal
power [nominally 2400 MW(t)] as the AHTR—VT, the lower conversion efficiency reduces somewhat the
sizable economic advantage anticipated for the AHTR—VT. Details of the various trade-offs are given in



later sections of this report. Unless specifically qualified as —VT or —IT, references to AHTR in this report
refer to the very high-temperature version (1000°C outlet).

1.3 APPROACH TO PRECONCEPTUAL DESIGN

The three other high-temperature reactor designs that have been proposed for the NGNP
demonstration plant are (1) a prismatic gas-cooled reactor with a direct Brayton cycle, which is an
evolutionary version of the Gas-Turbine Modular High-Temperature Reactor (GT-MHR) developed by
General Atomics (GA); (2) a prismatic gas-cooled reactor with an indirect Brayton cycle; and (3) a pebble
bed gas-cooled reactor, which is an extension of the Pebble Bed Modular Reactor (PBMR) under
development in South Africa. These designs have benefited from many hundred man-years of design and
engineering effort. In contrast, the AHTR has been studied for only the past 3 years using primarily
internal funds from the three participating organizations: Oak Ridge National Laboratory (ORNL),
Sandia National Laboratories (SNL), and the University of California at Berkeley (UCB).

In order to mature the design quickly, the current conceptual design has drawn extensively from other
relevant reactor designs or classes of designs. Specifically, the AHTR is based on technologies from four
previously built or substantially engineered reactor designs.

1.  High-temperature, low-pressure molten-fluoride-salt reactor coolants from the aircraft nuclear
propulsion program® of the 1950s and the molten-salt breeder reactor (MSBR) program of the 1960s
and 1970s.” Today, development continues on these salts and associated advanced high-temperature
materials for cooling fusion reactors.

2. Coated-particle graphite-matrix fuel developed for high-temperature gas-cooled reactors (HTGR)*
in the United States and Germany starting in the 1960s. These fuels have demonstrated low failure
rates for temperatures up to about 1600°C and moderate burnup.

3. Passive safety systems similar to gas-cooled and liquid-metal-cooled reactors engineered in the
1980s and 1990s, especially the Super Power Reactor Inherently Safe Module (S-PRISM) design
developed by General Electric (GE).’

4. Advanced gas turbines, including commercialization in the past 5 years of magnetic bearing systems
that can permit these turbines to be used in closed helium and nitrogen cycles.

5. Graphite technology and component designs developed for the HTGR and Molten Salt Reactor
(MSR) designs.

A recent focused effort, funded by DOE/NE, has permitted detailed analyses of several AHTR design
features. However, frequent use continues to be made of design approaches, existing testing or
operational experience, and anecdotal information from other reactor and nonreactor systems in order to
qualitatively bound the expected performance of the AHTR in cases where detailed analyses have not
been performed yet.



2. PLANT DESIGN

The AHTR currently is defined at a preconceptual level of detail. Reference designs for the major
components have been established; however, many design trade-offs have been identified and several
plant features have not been addressed yet, especially for balance-of-plant systems. These design trade-
offs and gaps will be discussed in the following subsections and sections. Although a complete “point
design” has not been completed, significant initial analyses have been performed to establish a plausible
set of design parameters. Figure 2.1 shows the general plant layout with the reactor containment building
in the center, the turbine building on the left, and the spent fuel storage building on the right. A functional
diagram of the AHTR and power conversion system is given in Fig. 2.2. Table 2.1 provides a list of key
design parameters associated with the current reference AHTR plant design (very high-temperature
variant).

Reactor Vessel Auxiliary
Cooling System Ducts

Intermediate Heat Exchanger

Seismic Isolators Reactor Vessel Cavity

Fig. 2.1. Conceptual layout of AHTR plant.
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Table 2.1. AHTR preconceptual design parameters

Power level 2400 MW(t)

900°C/1000°C

Electrical output 1300 MW(e)
3-stage multi-reheat

Brayton

Core inlet/outlet temperature Power cycle

Coolant
(alternate)

Li,BeF,
(NaF-ZrF,)

12,070 kg/s
(20% core bypass)

Power cycle working fluid  Nitrogen (helium longer-

term option)
0.230 MPa
0.101 MPa

Mass flow rate Core inlet pressure

outlet pressure

Volumetric flow rate
Channel diameter

Fraction (core)

Velocity

Fuel kernel

Enrichment

Form

Block. diameter
Block height
Columns

Mean temperature

Peak temperature

5.54 m’/s

0.95 cm

6.56%

2.32 m/s (7.6 ft/s)

Uranium
carbide/oxide

10.36 wt % °U
Prismatic

0.36 m (across flats)
0.79 m

324

1050°C

1168°C

Pressure drop

Core shape

Core outer diameter
Core annulus

Core height

Pumping power
Power density
Reflector (outer)
Reflector (inner)
Vessel diameter
Vessel height

Vessel thickness

0.129 MPa
Annular
7.8 m

2.3 m

7.9 m

716 kW

8.3 W/ce
138 columns
55 columns
9.2 m
19.5m

10.0 cm




2.1 FUEL CHARACTERISTICS

The AHTR uses the same coated-particle, graphite-matrix fuel as used in all helium-cooled reactors,
including the GT-MHR.* Uranium oxycarbide fuel kernels (10.4% **°U in uranium) with a diameter of
approximately 0.35 mm are coated with multiple layers of pyrolytic carbon and silicon carbide to form an
0.8-mm-diam microsphere that prevents release of radionuclides at very high temperatures. This
microfuel is frequently referred to as “TRISO” fuel, whereas the consolidated form (rod or sphere) is
known as a graphite-matrix fuel element. Currently available coated-particle fuels can operate for long
periods at temperatures up to 1250°C. Under off-normal conditions, fuel temperatures of 1600°C can be
tolerated for limited periods of time (~100s of hours) before fission product releases become significant.

The coated particles are incorporated into a graphite-matrix fuel compact, which, in turn, is loaded
into a graphite-matrix fuel assembly. Several shapes of fuel assemblies have been used in various helium-
cooled reactors: hexagonal blocks (Fort St. Vrain reactor), small spherical balls (Arbeitsgemeinschaft
Versuchsreaktor—AVR), and long cylinders (Peach Bottom reactor). The different designs reflect
different operational goals. Pebble bed systems allow on-line refueling by the slow movement of balls
through the reactor core, while hexagonal blocks allow wide latitude in the volumetric ratio of fuel,
coolant, and moderator. Figure 2.3 shows the TRISO fuel kernel and a typical fuel compact and prismatic
graphite block, which is the fuel assembly shape utilized in the AHTR.

While the use of a coated-particle graphite-matrix fuel is required to obtain the desired temperatures
and for compatibility with molten salt, the optimal geometry of the fuel assembly will depend upon
detailed design trade-offs between performance, fuel costs, safety, and other factors. These trade-offs will
be discussed in later sections of this report.

Pyrolytic Carbon
Silicon Carbide
Porous Carbon Buffer
Fuel Kernel - UCO

PARTICLES COMPACTS FUEL ELEMENTS

Fig. 2.3. Diagram and photographs of high-temperature, TRISO-coated particle fuel.



2.2 REACTOR CORE AND INTERNALS

The hexagonal block (prismatic) fuel assembly option, rather than the pebble-bed form, was selected
for the AHTR in order to provide more control of the fuel and coolant volume fractions and geometry.
Figure 2.4 shows a schematic of a single graphite fuel block. The block is 36.0-cm across flats and
79.5-cm tall. It contains 108 0.95-cm-diam coolant channels and 216 1.27-cm-diam fuel channels. This
design yields a coolant volume fraction of 6.9% and a fuel volume fraction of 24.4%.

A total of 324 columns of fuel blocks are assembled into an annular geometry with nonfueled
graphite reflector blocks filling the interior portion of the annulus and the region between the outer
diameter of the core and the reactor vessel. Figure 2.5 provides a plan view of the core and reflector
geometry. The core, inner reflector, and outer reflector blocks are stacked 10 blocks high with an
additional layer of nonfueled graphite blocks at the top and bottom of the assembly to form axial
reflectors. An elevation view schematic of the reactor core, internals, and vessels is given in Fig. 2.6. A
simplified three-dimensional (3-D) model of the reactor vessel and internals is given in Fig. 2.7.

The GT-MHR uses a similar annular core design with 102 fuel block columns to generate a thermal
power of 600 MW (see Fig. 2.5). To achieve a four-fold increase in power [2400 MW(t)] for the AHTR,
either the power density or the size of the core, or both, needed to be increased. With a vessel diameter of
9.2 m, it was possible to fit a 408-column core into the vessel, but this yielded a very thin outer reflector.
A compromise core configuration was selected that uses 324 fuel block columns and a power density of
8.3 MW/cm’®, which is 26% higher than the GT-MHR.
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Fig. 2.4. Schematic of single hexagonal fuel assembly.
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Molten salt coolant flows down through the reactor core and up through a pair of central return pipes
with siphon breaks and centrifugal pumps. The details of the primary coolant pumps and siphon breaks
have not been decided yet, but the design will build on
experience gained from the earlier molten salt reactor
experiments. The siphon breaks will introduce a small amount
of bypass coolant flow, but there is sufficient margin to
accommodate the slight loss of efficiency. The coolant is
pumped to one of two intermediate heat exchangers located
external to the reactor vessel but within the containment
building, and then returned to the reactor vessel. The downflow
core provides operational and safety advantages: the coolant
temperature is lowest near the vessel head, the cooler
temperature of the large pool above the reactor core provides
additional thermal inertia during accident situations, and the
coolant flow near the vessel wall does not change if loss of
forced cooling occurs.

The design of the reactor internals has not been addressed
yet, but they likely will be made of graphite or carbon
composites to accommodate the high-core outlet temperature
required by the NGNP (1000°C). It is possible that carbon-
insulated metallic alloy will be used for the core support
structure, although this has not been evaluated yet. Control
rods will be required to provide for reactor startup, normal
operation, and shutdown. The number and placement of
control rods has not been evaluated yet, but the rods will be
constructed from carbon composites for the drive shafts and
absorber casing and boron carbide or other high-temperature
absorber for the neutron absorber. The control rod drive
mechanisms will be located above the reactor enclosure head.
While the GT-MHR relies on control rods located in the inner
and outer reflectors for reactivity compensation during normal
operation, it is likely that control rods will be needed within
the AHTR-fueled core because of its larger size. Control rod
designs developed for the MSBR should be applicable for use in
the AHTR.

Fig. 2.7. AHTR reactor vessel.

23 THERMAL BLANKET SYSTEM

The thermal blanket system (TBS) is the key design feature that distinguishes the AHTR from pool-
type, sodium-cooled reactors like S-PRISM. The TBS allows the AHTR to take advantage of the very
high boiling temperatures of molten salts by allowing the primary salt coolant and core to be heated to
high temperatures while keeping the reactor vessel at substantially lower temperatures.

The TBS requirements create some of the most important technical and design questions for the
AHTR. The TBS must be constructed using materials that maintain adequate strength when heated to the
peak primary coolant temperature following loss of forced cooling. For the intermediate temperature
AHTR-IT, the initial temperature of the primary pool is below 700°C. With an S-PRISM-size vessel at
2400 MW(t), peak salt temperatures following loss of flow can be kept inside the limits where metallic
materials can be used for the thermal blanket. Metallic insulations systems, like that used in the Swedish
PIUS reactor design, take advantage of the relatively low thermal conductivity of the liquid coolant to



create an insulating layer by suppressing convection inside the blanket. This type of metallic insulation
system was thoroughly studied for the PIUS reactor, and hence is considered to have low technical risk.

For the very high-temperature AHTR—VT, which has a primary pool temperature of approximately
900°C, high-temperature, carbon-based materials must be used for the high-temperature side of the TBS.
To maintain peak vessel temperatures in the range of 600 to 750°C, this TBS must sustain temperature
differences of several hundred degrees while keeping the heat transfer rate across the blanket within the
capacity of the passive cooling systems, typically below 20 MW(t).

For gas-cooled reactors, graphite blocks are used to create a TBS that allows the core to reach much
higher temperatures (up to 1600°C) compared with the reactor vessel, which is typically limited to a
maximum temperature below 500°C because of its relatively large thickness (22 cm). Heat transfer from
the core to the vessel occurs by a combination of conduction through the graphite blocks of the TBS, and
by natural convection of helium through the joints between the graphite blocks driven by buoyancy
forces. Gas reactor cores are designed with down-flow, so that natural circulation is suppressed if forced
circulation of the coolant is stopped. Still, the potential for hot gas to reach the reactor vessel and cause
localized overheating is considered an important design issue for gas-cooled reactors.

The much higher thermal capacity of molten salts, compared with high-pressure helium, makes the
control of natural convection across the TBS a key design issue for the ATHR—VT. Because of the
mismatch of thermal expansion coefficients of graphite and steel, some gap must be provided between the
graphite blocks of the TBS and the reactor vessel. Relatively large differences in salt density will exist
between the hot and cold sides of the blanket, and the different hydrostatic pressure gradients on each side
create a pressure differential across the TBS that can drive leakage flows.

If the AHTR-VT reactor vessel is built with the same dimensions as the 9.2-m-diam, 19.5-m-high
S-PRISM reactor vessel, then the TBS will have an outside diameter of ~8 m and a total surface area
(including the bottom) of 500 m”. For a typical graphite thermal conductivity of 32 W/m°C, 0.64-m-thick
graphite blocks would transfer 15 MW(t) at a TBS temperature difference of 600°C. At this temperature
difference, a 6 I/s leakage flow through the blanket would also transfer 15 MW(t) across the blanket.

Figure 2.8 shows a schematic diagram of an AHTR blanket configuration that might potentially meet
the difficult thermal protection requirements. This TBS conceptual design draws significantly on the
ORNL MSBR graphite blanket design.’
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Fig. 2.8. Schematic showing a vertical cross-section for an AHTR thermal blanket system.



This conceptual TBS introduces several features.

The hot primary salt, with density p,(T,), is hermetically isolated from the salt in the annulus
between the reactor vessel and the TBS. The hermetic seal prevents leakage flow across the TBS
because of the different hydrostatic pressure gradients on the cool and hot sides. With appropriate
control of the inventory of salt in the annulus and primary pool, this results in a further reduction
of the pressure differential across the TBS at all elevations.

The graphite blocks have lower density than the molten salts and, thus, float. This effect is
counteracted by the mass of Hastelloy N support rings, and an additional Hastelloy ring placed on
top of the column of graphite blanket blocks, similar to the MSBR blanket design. The option
also exists to add high-density materials to the graphite to increase the block density. Each
support ring is keyed to ribs in the vessel wall to control the support ring’s radial position while
permitting vertical motion. The keying system also transfers the limited horizontal accelerations
that would occur during seismic events, from the seismically base-isolated reactor vessel to the
TBS.

To control the radial position of each block, a Hastelloy N expansion ring is provided, located in
a slot machined in the top and bottom of each blanket block, as was used in the MSBR design.
Because the expansion ring expands radially the same amount as the support ring as a result of
temperature changes, the expansion ring keeps the blocks in contact with the support ring and
maintains the seals between the blocks and the support rings.

Flow between the primary pool and the annulus is prevented by a metallic bellows between each
support ring. A carbon/carbon (C/C) composite O-ring provides backup sealing between each
support ring. The bellows is sufficiently strong to support hydrostatic pressure upon filling,
because the low-pressure gas caught in the bellows is isolated from the primary pool by the C/C
O-ring.

To control the vertical position of each block, each support ring can move vertically, with the
differential expansion being accommodated by the bellows. Because the blocks will distort as a
result of thermal expansion from the temperature gradient through the blocks, and because of
radiation-induced swelling, the contact point between the blocks is located at the effective center
of mass of the submerged blocks. Conveniently, the radial block temperature at the contact point
is higher than the temperature of the support ring, increasing the vertical thermal expansion of the
block and compensating, to some degree, for the different thermal expansion coefficient of the
metallic support ring and the graphite TBS blocks.

Various types of flexible seals could potentially be used to provide sealing between each layer of
graphite blocks. Here hollow carbon—carbon tubes are shown wrapped in a slot twice around the
ring of blocks, at three radial locations. Flow through the tube provides a path for equalizing
pressure and venting gas during filling of the blanket system, while limiting leakage rates, as
shown schematically in Fig. 2.9.

Additional azimuthal joints exist between blocks around each ring. These joints are staggered
vertically so that they do not align. Flexible C/C seals are provided to control flow through these
azimuthal joints.

Inspection requirements and methods must be defined for the TBS. Inspection is assisted by the
transparency of the molten salts, but still must be performed at elevated temperature. Visual
inspection is assumed to be possible using actively cooled, submersible camera systems with
sapphire viewing windows. Other inspection methods may also be adaptable to the TBS but have
not as yet been evaluated. Here it is assumed that corrosion of carbon-based materials
(particularly C/C O-rings) will be sufficiently slow that inspection of flexible C/C seals between
blocks will not be required over the life of the TBS.
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Fig. 2.9. Schematic showing how controlled leakage occurs through a hollow double-wrapped hollow C/C
O-ring seal.

The design of the AHTR—VT TBS to control leakage flow and heat transfer will be a key part of
AHTR design efforts. For AHTR designs that have lower peak salt temperatures, such as the AHTR-IT,
greater flexibility exists for the design of the TBS using metallic materials. While the TBS presents
important challenges for the design of the AHTR, potential design approaches exist that can limit
convective bypass across the blanket and ensure acceptable vessel temperatures.

2.4 REACTOR AND GUARD VESSELS

The primary reactor vessel has a diameter of 9.2 m and a height of 19.5 m. The vessel thickness is
10 cm, which is significantly less than the 22-cm thickness of the GT-MHR vessel because of the low
ressure of the molten salt coolant of the AHTR compared with the high-pressure helium of the GT-MHR.
Although S-PRISM also uses a low-pressure coolant, the AHTR vessel is thicker than the S-PRISM 5-
cm-thick vessel because the higher density of the salt compared with sodium results in a hydrostatic load
that is 2—4 times higher than for S-PRISM. The guard vessel separates the reactor vessel from the reactor
cavity cooling system. It is 2.5-cm thick and is separated from the reactor vessel by a 20-cm-thick argon
gap. The optimum materials to be used for the primary and guard vessels have not been selected yet.
Nickel-based superalloys are the leading candidates for the primary vessel, but there are a number of
options that can be considered. This is discussed in a Sect. 5.

2.5 PRIMARY COOLANT

The reference primary coolant is a molten fluoride salt containing lithium and beryllium (Li,BeF,—
referred to as “Flibe”). It has a melting point of 459°C, a boiling point of 1430°C, and a density of
1.94 g/cm’. There are a number of positive and negative aspects to this salt, which are discussed
thoroughly in later sections. The heat capacity of Flibe is 4540 kJ/m’, which is similar to that of water,
more than four times that of sodium, and more than 200 times that of helium (at typical reactor
conditions). This enables several design performance improvements relative to gas-cooled systems. There
is considerable experience with Flibe in nuclear systems. It was used in both the primary and secondary
loops of the Molten Salt Reactor Experiment (MSRE) and related test loops.

2.6 DECAY HEAT REMOVAL SYSTEMS

The ultimate power output of the AHTR is limited by the capacity of the passive decay system,
which, in turn, is driven by the reactor vessel temperature. The reference AHTR design uses an air-cooled
passive decay-heat-removal system similar to the reactor vessel auxiliary cooling system (RVACS)
developed for the S-PRISM reactor.” The reactor and decay heat cooling system are located in an
underground silo. Decay heat is (1) transferred to the reactor core and graphite reflectors by natural
circulation of the molten salts, (2) conducted through the graphite thermal blanket and reactor vessel wall,
(3) transferred across an argon gap by radiation to a guard vessel, (4) conducted through the guard vessel,
and then (5) removed from outside of the guard vessel by natural circulation of ambient air. The rate of

11



heat removal is controlled primarily by the radiative heat transfer through the argon gas from the reactor
vessel. Radiative heat transfer increases by the temperature to the fourth power (T*); thus, a small rise in
the reactor vessel temperature (as would occur upon the loss of normal decay-heat-removal systems)
greatly increases heat transfer out of the system.

It is also possible to supplement the RVACS heat removal capacity using a direct reactor auxiliary
cooling system (DRACS) based on natural circulation of an intermediate coolant from bayonet heat
exchangers in the reactor vessel to air-cooled heat exchangers. This type of DRACS system was used in
the Experimental Breeder Reactor II (EBR-II) with sodium-potasium as the intermediate coolant. There
are a variety of potential intermediate coolants, several of which have been used extensively in industry
for similar heat transfer applications.

Figure 2.10 shows a schematic diagram of a combined RVACS/DRACS system for the AHTR, where
the DRACS natural-circulation flow loop transfers heat from a cool-salt annulus between the reactor
vessel and thermal blanket to a heat exchanger located in the RVACS exhaust chimney. Prewarming of
the air going to the DRACS air-cooled heat exchanger controls the potential for freezing, and the
additional heat added to the air increases buoyancy forces and augments the total flow rate of air through
the system. For this configuration, compact tube-type bayonet heat exchangers can be designed with
surface areas between one and two times larger than the vessel surface area, providing substantial
potential for augmentation of heat removal. The addition of a DRACS system would also permit the
reactor vessel to operate at lower peak temperatures (under 600°C), increasing the range of materials that
could be used for vessel fabrication.
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Fig. 2.10. Illustration of a combined RVACS/DRACS system for the AHTR.

2.7 POWER CONVERSION SYSTEM

The power conversion system to produce electricity from the AHTR uses a multistage molten coolant
gas cycle (MCGC),”* which is based on the GT-MHR power conversion unit (PCU). With similar power
output, the MCGC system is expected to be more compact and, thus, provide the potential for major
reductions in the turbine building volume and power conversion system capital cost for the AHTR
relative to conventional systems that use a steam Rankine cycle.

Figure 2.11 provides a schematic diagram of the MCGC flow configuration. The 2400 MW(t)
helium-based very high-temperature MCGC design uses three PCUs and a turbine inlet temperature of
900°C to achieve a thermal efficiency of 54% [1300 MW(e)]. To achieve the same thermodynamic
efficiency as the very high-temperature design, the nitrogen-based design has a total volume 40% greater
than that of the helium-based design. All of the Brayton power systems are significantly smaller than
equivalent steam cycle systems that must include large subatmospheric turbines and moisture separators.
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Fig. 2.11. Schematic flow diagram for the reference three-expansion-stage MCGC, using three PCU
modules [high pressure (HP), medium pressure (MP), and low pressure (LP)] each containing a generator
(G), turbine (T), compressor (C), and heater and cooler heat exchangers, with a recuperator (R) located in a
fourth vessel.

The PCU developed by GA for the GT-MHR, shown in Fig. 2.12, is currently the only closed helium
cycle system that has undergone detailed engineering design analysis, and that has turbomachinery
sufficiently large to extrapolate to a >1000 MW(e) MCGC power conversion system. Analysis presented
below shows that, with relatively small engineering modifications, multiple GT-MHR PCUs can be
ganged together to create a MCGC power conversion system in the >1000 MW(e) class. To do this,
compact salt-to-helium heat exchangers (power densities from 80 to 120 MW/m’) are inserted into the
annular space around the turbines, currently occupied by the upper set of recuperator heat exchangers in
the GT-MHR design (Fig. 2.12), and the MCGC recuperator is moved to a separate pressure vessel. The
resulting configuration is quite compact and results in what is likely the minimum helium duct volume
possible for a multiple-reheat system.

The GT-MHR PCU produces 285 MW(e) with 850°C turbine inlet temperature, a PCU power
density of 230 kWh(e)/m’. Based on the same turbomachinery parameters, and using three PCUs with
size similar to the GT-MHR PCU, the very high-temperature MCGC is predicted to achieve a power
density of 360 kWh(e)/m’. The MCGC power conversion system can be located in conventional
structures rather than within the nuclear safety envelope. Also, the GT-MHR PCU pressure vessel is
constructed from the same 9Cr—1Mo—V high-temperature alloy as the GT-MHR reactor vessel, while the
MCGC vessels all operate at low temperature (under 160°C), allowing the use of less expensive and
stronger low-temperature steel. These considerations suggest that the MCGC PCU capital cost per kW(e)
will be around half that of the GT-MHR PCU.
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Fig. 2.12. Cross section of the current GT-MHR PCU, with changes required for MCGC indicated on
left.

The reference very high-temperature MCGC configuration uses three PCUSs, each connected by an
upper hot leg and a lower cold leg, as shown in Fig. 2.13. A separate recuperator vessel is also connected
to the low-pressure and high-pressure PCUs with similar hot and cold legs. As shown in Fig. 2.13, the hot
legs connect the PCU vessels at the elevation of the turbine outlets. Flow is collected from the turbine
outlet diffuser and crosses at ~650°C in the hot leg to the next PCU vessel. This hot-leg flow enters the
top of an annular ring of liquid-silicon infiltrated (LSI) C/C composite heat exchangers and flows
downward to be heated to 900°C, and then is ducted directly into the next turbine inlet, resulting in a very
short hot-gas flow path. Current calculations for the frontal area, flow path length, and volume of these
heaters, based on the LSI composite plate-design shown in Fig. 2.14.” indicates that they should fit in the
annular volume around the turbine, currently occupied by the upper recuperator bank of the current GT—
MHR PCU design.
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Fig. 2.13. Hot- and cold-leg configurations for the MCGC based on three (HP, MP, and LP) PCUs and a
separate recuperator vessel (R).

Fig. 2.14. Stress and temperature distributions in a plate-type LSI composite heat exchanger currently
under development at UCB.

Likewise, the cold legs connect the PCUs at the elevation of the compressor outlets. Flow is collected
from the compressor diffuser, and approximately 90% of the flow at ~140°C crosses in the cold leg and
enters the top of an annular ring of coolers to flow downward, to be cooled, and then to go directly into
the next compressor inlet. Approximately 10% of the cold flow is bypassed upward to flow through an
annulus around the hot-leg duct, so the hot-leg pressure boundary is maintained at the same temperature
as the cold-leg boundary to minimize thermal stresses due to the PCU vessels being connected at two
elevations by cross-over legs. The cold cross-over leg eliminates the vessel volume and pressure drop that
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would be required to bring 100% of the cold flow to the hot-leg elevation to flow across in an annular
duct, as is done with direct-cycle gas-cooled reactors.

With this configuration, for the recuperator, the low-pressure turbine discharges its gas into a hot leg
going over to the top of the recuperator vessel, and the low-pressure gas flows down through the
recuperator and then returns to the low-pressure compressor in the low-pressure cold leg. Likewise, the
discharge from the high-pressure compressor flows across in the high-pressure cold leg to the recuperator
vessel, flows upward through the recuperator to be heated, and then flows across in the high-pressure hot
leg to the high-pressure PCU. Table 2.2 lists the primary design parameters for two candidate MCGC
designs—one using helium only and one using a nitrogen-helium mix.

In designing closed helium cycles, a major cost driver is the volume of ducting required to transfer
helium between equipment, because it affects the cost of the pressure boundary. It is doubtful that one
will be able to identify a more compact configuration for the MCGC than this multiple-shaft design with
annular rings of heaters around each turbine, because all flows enter at the optimal elevation in the
vessels, and the hot gas flow path is extremely short.

Table 2.2. MCGC design parameters

High-temperature
nitrogen-helium
MCGC

Number of PCUs 3 3 1

Working fluid Helium Nitrogen-helium Helium
mixture (10 wt %
He)

Gas mass flow rate (kg/s) 1934 317
Turbine inlet temperature 900°C 848°C
Turbine outlet temperature 650°C 508°C
MS inlet temperature 920°C N/A

Reference
GT-MHR PCU

High-temperature
helium MCGC

MS outlet temperature 860°C N/A
Compressor inlet temperature 35°C 26.4°C
System pressure 10 MPa 7.24 MPa
Cycle pressure ratio 14.3 2.69
Turbine efficiency 0.93 0.93
Compressor efficiency 0.88 0.88

Recuperator effectiveness 0.95 0.95
Generator efficiency 0.98 0.98
Pressure loss fraction 0.06 0.013
Overall cycle efficiency 0.54 0.46
Power density [kWh(e)/m’] 260 230
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2.8 INTERMEDIATE HEAT TRANSPORT SYSTEM

The AHTR will use an intermediate heat transport loop containing molten salt to transfer heat
generated in the reactor system to the hydrogen production plant. The salt composition has not been
selected yet and may be different from the salt used as the primary coolant. A comparison was performed
of the performance of low-pressure molten salt vs high-pressure helium for the intermediate loop.

The much higher volumetric thermal capacity (pC,) of molten salts, compared with high-pressure
helium, has a large effect upon the relative heat transfer capability. In general, a molten salt loop will use
piping of 1/5 the diameter and pumps 1/20 the power of those required for high-pressure helium. These
large differences in pumping power and pipe size reduce the capital cost of high-temperature piping
systems and allow the arrangement of process equipment to be optimized more easily, since process heat
can be delivered over larger distances easily.

A second, less obvious difference between helium and molten salts relates to the log-mean
temperature difference (LMTD). Smaller values of LMTD are desirable to increase the temperature at
which heat is delivered to the hydrogen production process, and/or to decrease the peak temperature of
the reactor while maintaining the same hydrogen production efficiency. Heat transfer coefficients for
molten salts are typically an order of magnitude greater than those for helium. In compact helium heat
exchangers, a strong competition exists between adding surface area to decrease the LMTD, and reducing
surface area to reduce the helium pressure drop. Pressure drop and pumping power considerations usually
drive helium heat exchangers to higher LMTD values than would be selected for molten salt heat
exchangers.

The effect on LMTD can be seen in Fig. 2.15, which presents the total pumping power (both sides)
and the total volume of a 600 MW(t) heat exchanger as a function of LMTD for three combinations of
fluids. In the figure, the comparison between point A and point B shows that the He-to-molten salt heat
exchanger has an LMTD less than half that of the LMTD for the He-to-He heat exchanger, for the same
pumping power and a similar heat exchanger volume (and capital cost).

Table 2.3 compares typical compact heat exchanger parameters for several possible primary and
intermediate fluid options for the case where the pumping power for the helium is kept constant. Note in
particular the difference between the pumping power for salt vs helium. The largest surface area occurs
with the case of the 1.0 MPa intermediate helium loop, designed to be in pressure balance with hydrogen
process equipment.
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Fig. 2.15. Total pumping power P (dashed) and the total volume Vyx (solid) for a 600 MW(t) compact
intermediate heat exchanger as a function of LMTD for three combinations of helium (7.0 MPa) and/or
molten salt.

Table 2.3. Comparison of 600 MW(t) compact intermediate heat exchanger designs
(the molten salt is 0.42LiF-0.29NaF-0.29ZrF,)

Primary/intermediate fluids He/He He/He He/MS MS/MS
Primary/intermediate pressures (MPa) 7.0/7.0 7.0/1.0 7.0/ * * ) *
Primary inlet/outlet temperatures (°C) 1000/634 1000/634 1000/634 1000/634
Intermediate outlet/inlet temperatures (°C) 975/450 975/450 975/560 975/595
LMTD (°C) 80 80 45 31

Primary/intermediate pressure loss (kPa) 40/19 2.7/9.0 40/13 24/25
Primary/intermediate pump power (MW)' 4.8/1.5 0.3/4.8 4.8/0.005 0.012/0.012
Primary/intermediate fin heights (mm) 2.0/2.0 2.0/2.0 2.0/1.0 1.0/1.0
HX flow length (m) 0.76 0.40 0.89 1.1

HX plate area (m®) 3200 5600 4100 3500
HX volume (m’) 13 23 14 9.7

"Power required to pump primary and intermediate fluids through the intermediate heat exchanger.
*Molten salt is incompressible, so pressure and pumping power are independent, and pressure can be set to any
desired value.

19



20



3. DESIGN ANALYSIS

To date, the AHTR concept has evolved largely through the thoughtful and creative merging of
design features from several other reactor designs. Earlier analyses made frequent use of scaling laws
from similar reactor systems and have not kept pace with the evolving AHTR concept. For the current
study, several analyses were performed with a higher level of sophistication to reduce uncertainties in the
predicted AHTR performance and to assist in the selection of several design parameters. In particular,
core physics, thermal hydraulics, decay heat removal, and power conversion analyses were performed.
Since multiple organizations were involved in the analyses, and since the AHTR design continued to be
refined, the analyses presented below used a variety of models and approaches to analyzing the various
phenomena. In general, different approaches tended to yield similar results and different models yielded
small or well-understood differences. The conclusion of this initial analysis effort is that there are no
phenomenological “show stoppers” but that there are a number of design alternatives and trade-offs that
will need to be explored. Also, more sophisticated analyses will be needed to reduce performance
uncertainties.

3.1 CORE PHYSICS ANALYSIS

The AHTR reactor core physics is similar to that of a GT-MHR because they share the same fuel and
moderator. A few key differences are expected, though, primarily due to differences in the neutron cross
sections of molten salt vs helium coolant, and different coolant volume fractions due to the improved
thermal properties of molten salts. A number of physics analyses were performed to evaluate these
effects. Since the analysis was done in a short period of only a few months with both SNL and ORNL
working in parallel, and since the core design was evolving quickly based on input from other analyses
such as thermal-hydraulics, the results reported here were generated using a number of model variations.
In most cases, model variations are not expected to change the results or conclusions significantly.
Supporting this claim is the observation that the neutron lifetime determined from the analyses ranged
from 600 to 1200 ps. This compares with approximately 100 ps for light-water reactors (LWRs). This
means that the neutron diffusion length is very large and that results should be relatively insensitive to
geometrical changes in the fuel assemblies.

A key characteristic of this type of thermal reactor system is a strong temperature feedback effect due
to the Doppler broadening of the uranium resonances that occurs at elevated temperatures. Because of this
feature, as the temperature of the fuel increases, the parasitic absorption of neutrons by the fertile
component of the fuel increases, which reduces the total reactivity of the system and reduces the power
level. The AHTR temperature coefficient was estimated as —$0.01/°C (or 6 x 10~ k/°C), which is in good
agreement with the point design analysis reported for the gas-cooled prismatic NGNP design.’

3.1.1 Coolant Void Coefficient

An anticipated difference between the ATHR and helium-cooled reactors is the coolant void
coefficient of reactivity, since the relevant nuclear cross sections for molten salts are larger than those for
helium. The void coefficient corresponds to the amount of reactivity that is added or subtracted by
complete removal of the coolant. Since initial AHTR calculations indicated that the void coefficient could
be positive or negative depending on the precise design of the core, the focus of the physics analysis
effort was to characterize this effect more carefully.

A series of neutronics calculations were conducted to evaluate the coolant void coefficient and to
understand its sensitivity to various core parameters. Both ORNL and SNL participated in the physics
analysis using slightly different models and assumptions. The results are in good agreement, however.
The Monte Carlo N-Particle (MCNP) (version 4C2) code was used for most of the neutronics analyses by
both organizations.
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The initial SNL analysis used the core model depicted in Fig. 3.1."° A 2.54-cm-diam fuel compact
was surrounded by six 0.8-cm-diam coolant channels in a hexagonal array with a 3.41-cm pitch. The fuel
and coolant channels were contained in an annular core region (i.e., the individual hexagonal fuel
assemblies were not modeled explicitly). This yielded a 10% coolant volume fraction and a 50% fuel-
compact volume fraction. The computed void coefficients for total core voiding are given in Table 3.1 for
several candidate salts. For salts containing Li, it was assumed that the lithium contained no °Li isotope.
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Fig. 3.1. Core model used in initial SNL analysis.

The coolant void reactivity coefficient was first analyzed for a core with a 10% coolant fraction, a
10% **U enrichment, and fuel fractions ranging from 10% to 50%. The results (Fig. 3.2) show that for
fuel fractions less than ~30%, complete voiding of the Flibe coolant from the core could result in a
positive reactivity addition. As the fuel concentration is increased to provide more realistic excess
reactivity values and longer core burnup times, the relative importance of the absorption and moderation
in the Flibe is reversed, and the overall void coefficient is then negative as the uranium-to-carbon atom
ratio exceeds approximately 0.05. For an NaZrF;s salt, the void coefficient is positive for fuel fractions
less than 60%.

The void coefficient is inversely correlated with the neutron absorption cross section of the coolant
(i.e., reducing the amount of coolant increases reactivity). Since the AHTR operates in a regime where the
core is undermoderated, the void coefficient is directly correlated to the coolant’s moderating cross
section (i.e., reducing the amount of coolant reduces the reactivity). After comparing the capture cross
sections for candidate salt constituents in Fig. 3.3 and their scattering cross sections in Fig. 3.4, it is clear
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why salts containing beryllium are preferred (i.e., beryllium has the smallest capture cross section and the
largest scattering cross section of all the choices).

Table 3.1. Void coefficient of reactivity for different
salt compositions (initial SNL model)

Total void reactivity effect

®

BeF, ~1.46
LiF/BeF, (66/34) -0.47

MgF,/BeF, (50/50) —0.49

LiF (Li-7) +0.16
ZrF4/BeF, (50/50) +0.43
ZrF4/LiF (52/48) +1.25
NaF/BeF, (57/43) +1.82
ZrF, +1.41
NaF/ZrF4 (25/75) +1.88
NaF/ZrF4 (50/50) +2.64
NaF/ZrF4 (75/25) +3.83
NaF +7.05
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Fig. 3.4. Scattering cross section for candidate salt constituents (and carbon).

The ORNL analysis of the void coefficient used a core geometry that modeled individual prismatic
fuel elements as depicted in Fig. 2.4. Table 3.2 lists the key parameters for the detailed ORNL fuel
assembly model. The fuel assemblies were formed into a 102-column annular core corresponding to the
GT-MHR core model, but with molten salt (Flibe) coolant. The core contained 78 fuel columns and 24
control columns. The focus of the analysis was to explore options for reducing the void coefficient
through the use of burnable poisons (BPs) placed either in discrete rods within the fuel assembly or
distributed in the graphite blocks. Because the presence of the BP lowers the overall reactivity of the core,
the fuel enrichment was increased to 14 wt % *°U for all cases.

Figure 3.5 shows the result of replacing 14 fuel rods per assembly with europium oxide rods with
varying amounts of erbium loading. Increasing the amount of thermal absorber tends to harden the
neutron energy spectrum, which reduces the impact of removing the “LiF-BeF, coolant. In these
calculations, the lithium in the coolant contained 0.01% °Li. The impact of the 0.01% °Li was investigated
by removing all °Li from one of the cases shown in Fig. 3.5, specifically the case with 15 g erbium per BP
rod. For this case, the whole core void coefficient dropped from $0.98 to $0.04. However, it is difficult to
produce lithium with higher than 99.99% "Li. Reducing the °Li content by an additional factor of 10
would be highly desirable, but further reduction would not be helpful because of transmutation effects in
the reactor that produce °Li from beryllium during normal operation (discussed in Sect. 4.5).

ORNL also studied the impact on the void coefficient of distributing a BP uniformly within the
prismatic graphite that forms the fuel assemblies and reflector blocks. Again using the case of 14 erbium
rods per fuel assembly with 15 g erbium per rod, adding 5.0 weight-ppm natural boron to the graphite was
observed to drop the void coefficient from $0.98 to $0.80. Adding 40.0 weight-ppm erbium to the
graphite, instead of the boron, yielded a void coefficient of $0.85. The analysis demonstrates that the
positive void coefficient can be reduced by increasing the BP loading in the core. Disadvantages of doing
this are increased fuel cycle costs and an increasing void coefficient with burnup due to burnout of the
poison.
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Table 3.2. Specifications for ORNL AHTR fuel assembly model

Fuel: UO,, 10.40 g/cm’, 10.36 wt % *°U

Fuel kernel: 350 um diameter

Coated fuel particle 1st coating: carbon buffer, 100 um thickness, 1.0 g/cm’

2nd coating: inner pyrolytic carbon, 35 pum thickness, 1.85 g/cm’
3rd coating: SiC, 35 pm thickness, 3.20 g/ cm®

4th coating: outer pyrolytic carbon, 40 um thickness, 1.80 g/cm’

Diameter: 1.25 ¢cm (0.492 in.)

Length: 5.3 cm (2.087 in.)

Standard fuel element: 1.60 g U per compact
Number of compacts per fuel hole: 15

Fuel compact graphite matrix: 1.74 g/cm’

Fuel compact

Hexagonal, width across flats: 36.0 cm (14.17in.)
Graphite density: 1.74 g/cm’

Height: 79.5 cm

Standard fuel elements per column: 10

Fuel rod channel diameter: 1.27 cm (0.50 in.)
Number fuel rod channels per element: 216
Coolant channel diameter: 0.95 cm (0.375 in.)
Number coolant channels per element: 108

Pitch between channels: 1.90 cm (0.748 in.)

Fuel assembly

Hexagonal, width across flats: 36.0 cm (14.17 in.)
Graphite density: 1.74 g/cm’

Height: 79.5 cm

Standard fuel elements per column: 10

Control assembly Fuel rod channel diameter: 1.27 cm (0.50 in.)
Number fuel rod channels per element: 164
Coolant channel diameter: 0.95 cm (0.375 in.)
Number coolant channels per element: 89

Pitch between channels: 1.90 cm (0.748 in.)
Control rod guide diameter: 13.0 cm (5.19 in.)
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Fig. 3.5. Sensitivity of void coefficient (whole core voiding) on erbium loading in BP rods (14 per assembly).

Updated neutronics analyses were performed at SNL to better match the reference AHTR geometry
and fuel/coolant fractions. As before, the fuel type was TRISO-coated particle fuel with a particle packing
fraction of 30% in the fuel compacts. All of the calculations were performed with 1200 K neutron cross-
sections, and the thermal scattering function, S(a.,[3), was also used at 1200 K for the carbon in the fuel
compacts and prismatic matrix.

Two geometric configurations were used: (1) the reference AHTR configuration with a separate
coolant channel surrounded by six fuel element channels on a 1.9-mm triangular pitch and (2) a
configuration in which each coolant channel is surrounded by an annular fuel compact. The coolant
channel diameter was 0.953 cm and the coolant fraction was 7.6% for all of the calculations. The fuel
fraction varied in the calculations, with the standard configuration having a fuel fraction of 26.9%. The
standard AHTR configuration and revised annular fuel model are shown in Fig. 3.6.

Two salts were used in the analysis: Flibe—66% LiF and 34% BeF, with a density of 1.82 g/cm’, and
50% NaF and 50% ZrF, with a density of 2.906 g/cm’. The Flibe analyses were performed for two
cases—either 0.01% °Li or pure 'Li. Uranium enrichments were varied from 5 to 20%, with 10%
enrichment set as the standard. The core was modeled as an annular cylinder 7.93 m in height, 3.72 m
outer radius, and 1.48 m inner radius. The inner region of the core is graphite. An external 0.78-m-thick
reflector of graphite yielded a total diameter of the reactor of 9.0 m. A 1.0-m-thick axial graphite reflector
was at the top and bottom of the core.
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Fig. 3.6. SNL model of the reference AHTR fuel/coolant geometry (left) and a revised annular fuel
geometry (right).

As shown in Fig. 3.7, ke is shown to increase significantly with lower fuel fractions. This is because
the core is undermoderated, and increasing the carbon-to-uranium (C/U) ratio increases the moderation.
For a pure carbon moderator with no poison, an overmoderated condition will never be attained. An
increasing k.¢ with lower fuel fraction does not mean that the burnup core lifetime is larger. In fact, there
is typically a value for fuel fraction (for a given enrichment) where the burnup time is maximized. This
level of optimization has not been studied yet, but it is expected that the optimum will occur near the
value used for the standard configuration (i.e., around 0.3).

The void coefficient results for the updated reference AHTR model are shown in Fig. 3.8 and are
similar to the initial SNL results. For the coolant fraction of 7.6% and an enrichment of 10%, a negative
void reactivity effect can be attained for a fuel fraction greater than ~0.25 for pure "Li Flibe and greater
than ~0.5 for Flibe with 0.01% °Li content. Increasing the fuel enrichment allows for slightly lower void
reactivity effects, as also shown in Fig. 3.8.

Calculations for the standard configuration at 10% **°U enrichment with natural boron in the fuel
were made to determine BP effects on reactivity. At a fuel fraction of 0.268, no change in the reactivity
effects were found for the Flibe (0.01% °Li) or the NaF/ZrF, salts. A concentration of 0.00007 g/cm’ of
1B in the fuel compact was enough to make k. near 1.0. This value is about 14 times more than the
quantity of °Li in the core.

Arranging the configuration in an annular geometry with the same coolant fraction and fuel fraction
was not found to be helpful in decreasing the void reactivity effect. In fact, slightly more positive effects
are found, although the results were within two standard deviations of each other. It is unclear as to why
the effects could be slightly more positive.
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Fig. 3.7. Variation of K. with fuel fraction for reference AHTR core model.

Several design options exist that can help to lower the coolant void coefficient, and these will need to
be explored further. Fortunately, the intrinsic characteristics of the prismatic core design allow the volume
fraction of the fuel, coolant, and moderator to be independently varied. The use of discrete or distributed
BPs is expected to reduce the void coefficient, as well as geometry changes. Earlier versions of the
Canadian power reactors (heavy water moderated) and U.S. production reactors (graphite moderated) had
positive coolant void coefficients. With more advanced fuel designs, the Hanford-N reactor was able to
achieve a negative void coefficient, and the advanced CANDU design is projected to also have a negative
void coefficient. Similar design approaches will be evaluated for the AHTR.
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Fig. 3.8. Sensitivity of void coefficient to fuel fraction (left) and uranium enrichment (right).
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3.1.2 Core Transient Behavior

Even though a positive void coefficient was predicted for whole-core voiding in some of the designs
studied, it was expected that the large negative temperature coefficient would act to mitigate transients in
the reactor core and would limit power excursions. Figure 3.9 shows a result for the transient behavior of
the core for the case of an instantaneous reactivity addition of +$0.4. This would be similar to the effect
of voiding ~20% of a core cooled with NaF/ZrF, salt, which has the largest void coefficient. The core
temperature feedback balances the reactivity addition, and a new steady-state core temperature is
achieved. The assumption here is that the core continues to be cooled at a rate that removes 2400 MW of
thermal power. The large negative Doppler coefficient ($§—0.01/°C) combined with large margins to fuel
failure allows the reactor core to survive such transients without the need for an active core protection
system, and the large heat capacity of the core and the coolant inventory result in a relatively slow
transient.
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Fig. 3.9. Thermal power and average core temperature following a $0.4 reactivity insertion.

3.1.3 Fuel Burnup

Burnup calculations were performed for the reactor for the standard 2400 MW(t) configuration with
10% enriched and 20% enriched fuel. The calculations were made by having an inner, middle, and outer
core with equal volumes. The first curve, starting at t=0, represents the initial core loading with fresh 10%
or 20% enriched fuel. When k. approached 1.0, the fuel was shuffled, with fresh fuel placed in the outer
core region, the outer region moved to the middle region, and the middle region moved to the inner
region. This was repeated several times so that an “equilibrium” state resulted. Anomalies in the shapes of
the curves are due to the rather coarse statistics used in the MCNP calculations.
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The results, shown in Figs. 3.10 and 3.11, indicate that the 290-m’ core at 2400 MW(t) would have a
burnup cycle of ~330 days (990 days total core lifetime) for 10% enriched fuel and ~510 days (1530 days
total core lifetime) for 20% enriched fuel. These fuel reloading times are similar to those of an LWR.

Void reactivity effect calculations were performed for the cores near the end of the burnup cycle to
determine the effect of the lower *U content and larger fission product inventory. The results showed
that the void reactivity was about the same value as for the fresh core configurations.
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Fig. 3.10. Fuel burnup predictions for 10% 35U enriched core.
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Fig. 3.11. Fuel burnup predictions for 20% ***U enriched core.

3.2 THERMAL-HYDRAULICS ANALYSIS

It is anticipated that the superior heat capacity and transport properties of molten salts relative to
helium should yield significantly better plant performance, including increased total power output,
reduced temperature gradients, lower pumping powers, and cooler fuel temperatures. Initial thermal-
hydraulics analyses of the AHTR support these expectations.

An initial thermal-hydraulics analysis was performed using simplified mass/energy balance equations.
The method was first used to analyze both the GT-MHR and the prismatic NGNP designs and compared
with more rigorous results reported by Idaho National Energy and Engineering Laboratory (INEEL)." The
simplified method showed excellent agreement with the INEEL results. Figure 3.12 compares curves
generated with our method compared with data points corresponding to the INEEL analysis. The method
was then used to analyze both a 600 MW(t) and a 2400 MW(t) AHTR design for a range of coolant
channel diameters and core inlet temperatures. In all cases, the core outlet temperature was fixed at
1000°C, corresponding to the NGNP functional requirement.

Figure 3.13 shows the variation of pumping power as a function of the coolant channel diameter and
the core inlet temperature. Based on power conversion considerations, a core inlet temperature of 900°C
appeared desirable, and based on the curves in Fig. 3.13, a coolant channel diameter of 0.95 cm was
selected. This channel diameter yields a coolant volume fraction of 6.7% and a pumping power of
716 kW. Figure 3.14 shows a comparison of the axial temperature distribution in the hot channel for the
2400 MW(t) AHTR and the 600 MW(t) prismatic gas-cooled NGNP. The figure shows distributions for
both the coolant channel centerline and the fuel compact centerline. Note that in the AHTR, the peak fuel
temperature is more than 100°C cooler than for the NGNP.
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Fig. 3.12. Comparison of ORNL (lines) and INEEL (points) calculations of hot channel temperatures for
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Fig. 3.14. Axial temperature profiles in hot channel of 600 MW(t) NGNP and 2400 MW(t) AHTR.

A one-dimensional heat transfer calculation was also performed from the centerline of the coolant
channel to the centerline of the fuel compact for the average channel at the outlet of the core. For this
configuration, the coolant temperature was fixed at 1000°C. The NGNP result is given in Fig. 3.15,
compared with the same distribution for a 600 MW(t) and a 2400 MW(t) AHTR. In all cases, the narrow
gap between the fuel compact and the graphite matrix is assumed to be filled with helium. These curves

show that for the average channel, the 2400 MW(t) AHTR fuel temperature will be at least 30°C cooler
than that of the helium-cooled NGNP.
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33 DECAY HEAT REMOVAL ANALYSIS

Passive safety is a key functional requirement for the NGNP plant, which requires adequate decay
heat removal via passive systems (i.e., systems that do not require operator action). The reference AHTR
design uses an air-cooled RVACS similar to that in the S-PRISM design (see Fig. 2.10). The AHTR
reactor and RVACS were modeled using the Graphite Reactor Severe Accident Code (GRSAC),'" which
contains a 3000-node 3-D thermal-hydraulics approximation for the core. GRSAC was developed for gas-
cooled reactor simulations, and it required some modifications and approximations in order to account for
the different thermodynamic properties of the molten salt coolant relative to helium. Although the AHTR
may include a DRACS to augment the RVACS heat removal and reduce peak vessel temperatures, it was
not included in this decay heat analysis.

A loss-of-forced-cooling (LOFC) with scram accident was simulated to determine the peak core and
vessel temperatures and the amount of decay heat that could be removed using the passively safe
RVACS. Figure 3.16 compares the total heat removal capacity of the RVACS and the amount of decay
heat generated as a function of time after the start of the accident and shows that the RVACS capacity
exceeds the decay heat at 40 h into the transient. For this transient, the peak core temperature is ~1160°C
and occurs at approximately 30 h (Fig. 3.17). As shown in Fig. 3.18, the maximum vessel temperature
occurs at 45 h at a value of ~750°C. Large coolant recirculation flows develop in the core, with most of
the downflow occurring in the inner and outer reflector regions and most of the upflow occurring in the
fueled annulus. A typical temperature differential between the inlet and outlet regions of the core was
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observed to be ~50°C, and with the significant natural circulation flow, the molten salt pool would
achieve a relatively uniform temperature distribution.

These preliminary results indicate that with passive RVACS cooling and a coolant boiling
temperature of 1430°C, there will be a considerable safety margin for an LOFC accident. An additional
calculation performed by UCB for a 4000 MW(t) core yielded a peak core temperature of 1325°C, still
more than 100°C below the salt boiling limit. These transient response calculations confirm early scaling

analyses that predicted passive safety characteristics because of the very large thermal inertia of the
AHTR.”
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Fig. 3.16. Comparison of RVACS heat removal capacity and heat load generated after an LOFC accident
(with scram).
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34 POWER CONVERSION THERMODYNAMIC ANALYSIS

The equations for analyzing the thermal efficiency of the MCGC are presented elsewhere.” Using
these equations, a parametric search was used to identify promising design parameters for the very high-
temperature MCGC system.® It was found that a relatively high total pressure ratio was desirable, because
a high pressure ratio does not have a strong effect on the cycle efficiency; and it results in a relatively low
turbine outlet temperature and a significantly smaller recuperator volume. As shown in the temperature-
entropy diagram in Fig. 3.19, the turbine outlet temperature is sufficiently low (650°C) for conventional
materials to be used for the recuperator and the hot cross-over leg ducts.
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Fig. 3.19. Temperature (T)—entropy (S) diagram for the MCGC very high-temperature reference case.

3.4.1 Multiple-Reheat Helium Gas Cycle

Table 3.3 shows the heat exchanger parameters for the very high-temperature helium MCGC.” These
heat exchangers use a compact offset-fin plate configuration with 1-mm-thick plates, 1-mm-high molten-
salt fins, and 2-mm-high helium fins. Here the small volume of the compact heaters is notable, showing
that they can be fit with relative ease into the annular volume around the turbines in each PCU.

Table 3.4 shows the turbomachinery parameters for the very high-temperature helium MCGC. The
diameter of the turbomachinery is quite similar to that of the GT-MHR PCU (1.7-m tip diameter for
compressor, 2.0 m for turbine), and the length of the turbomachine rotor is somewhat shorter. The
generators for the MCGC PCUs will be somewhat taller than those of the GT-MHR generator because of
their larger power output. But the main MCGC PCU vessels will be shorter than those of the GT-MHR,
because the coolers move upward; and the volume of each MCGC PCU will be similar or smaller than
that of the GT-MHR PCU.
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Table 3.3. High-temperature helium MCGC heat exchanger design parameters

MS to helium heaters
Medium-
pressure (MP)
heater

Recuperator High-pressure

(HP) heater

Low-pressure
(LP) heater

Power (MW) 1495 852 774 774
Tomax (°C) 650 920 920 920
Tomin (°C) 142 625 650 650
Core volume (m*) 35 7.0 7.9 9.1

Flow length (m) 0.51 0.45 0.37 0.31
Total frontal area (m”) 70 15 21 30
Thermal density
(MW/m?)
Fractional pressure

losses for the counter 0.0072 0.0028 0.0025 0.0023
flow parts

43 122 98 85

Table 3.4. Very high-temperature helium MCGC preliminary
turbomachinery design parameters

Compressors Turbines
HP MP LP HP MP LP
Power (MW) 330 330 330 774 774 774
Inlet temperature (°C) 35 35 35 900 900 900
Pressure ratio 1.94 1.94 1.94 1.92 1.92 1.92
Number of stages 19 19 17 13 13 13

Adiabatic efficiency 0.88 0.88 0.88 0.93 0.93 0.93

Exit dynamic pressure 0.57% 0.54% 0.56% 0.55% 0.55% 0.53%
over system pressure

Maximum tip diam (m) 1.86 1.86 1.86 1.93 1.96 2.00
Tip speed (m/s) 350 350 350 363 369 378
Minimum hub/tip ratio 0.85 0.77 0.67 0.79 0.70 0.57
Overall length (m) 4.9 4.9 4.7 4.8 4.9 5.0

3.4.2 Multiple-Reheat Nitrogen Gas Cycle

A brief summary for the thermal design of a 2400 MW(t) multiple-reheat nitrogen Brayton cycle is
given in this section. To increase the gas thermal conductivity, 10 wt % helium, or 44 mol % helium, is
added to the nitrogen. Compared with the pure helium very high-temperature MCGC, the optimum
nitrogen cycle pressure ratio is two times larger. The nitrogen system volume and mass are about 40%
larger than for helium, so there is a clear economic attraction to using helium as the working fluid because
of its better thermophysical properties.
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Table 3.5 shows the heat exchanger parameters for the very high-temperature nitrogen MCGC.
Comparing Table 3.5 with Table 3.3, the nitrogen MCGC thermal densities are much smaller than the
helium thermal densities because of the less attractive thermophysical properties of nitrogen.

Table 3.6 shows the turbomachinery parameters for the very high-temperature nitrogen MCGC.
Because of the large mass flow rate, only a supersonic blade design is possible, like those used in modern
combustion turbines. The tip diameters for turbomachines are much larger than for helium turbines.

Table 3.5. Very high-temperature nitrogen MCGC heat exchanger design parameters

MS to nitrogen heaters

Recuperator High-pressure Medium- Low-pressure

ressure
phea ter heater

Power (MW) 852 774 774
Tiax (°C) 920 920 920
Tinin (°C) 624 650 650
Core volume (m*) 11 14 17
Flow length (m) 0.67 0.53 0.42
Total frontal area (m”) 17 26 41

Thermal density
(MW/m’)
Fractional pressure

losses for the counter 0.0036 0.0034
flow parts

heater

77 56 45

Current large combustion turbines are designed to operate in horizontal orientation. The required
nitrogen MCGC mass flow is approximately three times that of existing large combustion turbines.
However, the nitrogen MCGC operates with a compressor inlet pressure of 0.7 MPa, while combustion
turbines are forced to operate with an inlet pressure of 0.1 MPa. Because power density scales with the
gas density, the nitrogen MCGC turbomachinery achieves much higher power density than current
combustion turbines, and the physical dimensions of the 1300 MW(e) nitrogen MCGC turbomachinery
are similar to those for a 400 MW(e) combustion turbine.

The higher gas density of the MCGC, relative to current combustion turbines, also reduces pressure
losses in recuperators, so the MCGC adapts well to a recuperated Brayton cycle. Combustion turbines,
however, must commonly use complex and expensive steam bottoming cycles to achieve thermodynamic
efficiencies above 50%.

In summary, to obtain similar thermodynamic efficiency, it appears that nitrogen-based systems will
have somewhere around 40% larger volume than helium-based systems. Their capital cost will be higher
because of the less optimal thermodynamic properties of nitrogen compared with helium. However, the
nitrogen-based Brayton cycle is expected to be less expensive than the equivalent Rankine steam cycle
because of the low-pressure steam components and the moisture separator components required for the
Rankine cycle.
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Table 3.6. Very high-temperature nitrogen MCGC preliminary
turbomachinery design parameters

Compressors Turbines

HP MP LP HP MP

Power (MW) 331 331 774
Inlet temperature (°C) 35 35 35 900
Pressure ratio 2.48 2.48 2.43
Number of stages 7 6 4

Adiabatic efficiency 0.88 0.88 0.93

Exit dynamic pressure 0.11% 0.74% 0.09%
over system pressure

Maximum tip diam (m) 2.5 . 2.5
Tip speed (m/s) 470 470
Minimum hub/tip ratio 0.56 0.57
Overall length (m) 5 5

3.43 Vertical vs Horizontal Turbomachinery

The GT-MHR PCUs use vertical turbomachinery, and the NGNP may end up demonstrating the
design and reliability of large, vertical turbomachines, including the control of vertical turbine rotor
dynamics and the performance of axial catcher bearings. The other option for the MCGC involves a
horizontal configuration, but there would be several negative impacts from a horizontal orientation that
would balance the potential simplification of the turbomachinery bearing systems.

For horizontal turbomachinery, it would be much more difficult to configure the MCGC heaters and
coolers into compact annular volumes around horizontal turbomachinery to provide a uniform flow into
the turbine and compressor inlets and to minimize the hot-gas flow length. It would also be more difficult
to configure the salt-to-helium heat exchangers to drain their molten salt by gravity.

The vertical orientation permits a very short vessel flange perimeter length compared with the
horizontal orientation. Because high-pressure flanges tend to be massive structures, the smaller flanges of
the vertical vessels reduce the pressure boundary mass and cost for the same vessel volume, as well as the
helium leakage rate. For molten salt reactors and fusion power applications, the reduced flange perimeter
should also simplify tritium management and control. For horizontal turbomachinery, it would likely be
difficult to minimize the helium duct volume to the small value possible with the cross-over-leg
configuration of the vertical PCUs; so the total pressure-vessel volume of a horizontal turbomachine
design would also likely be larger, further increasing the mass of the pressure boundary materials.

Vertical closed-cycle helium turbomachinery may be developed and deployed before horizontal
helium turbomachinery, because the first application of a closed helium cycle will most likely be to
direct-cycle power conversion for gas-cooled reactors (potentially the NGNP). Thus, at the time of
deployment of the MCGC, engineering design and manufacturing capabilities are likely to be further
advanced for vertical machinery than for horizontal. As with aeroturbines, there exist strong drivers to
reduce the mass of vertical helium turbomachinery that have the potential to ultimately make vertical
machinery less expensive and resource-intensive than horizontal machinery.
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The MCGC PCU turbomachinery will be only slightly larger in diameter, and shorter, than the GT—
MHR PCU turbomachinery. Substantial optimization of the GT-MHR PCU design has occurred during
GA’s collaboration with Russian scientists to design a plutonium-burning version of the GT-MHR, which
has greatly reduced the mass and improved the rotational dynamics of the turbomachinery. Because the
MCGC turbomachinery will be located away from the plant’s nuclear island, structureal costs will be
lower.
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4. MOLTEN-SALT COOLANT

4.1 MOLTEN SALT COMPOSITIONS

There are several molten-fluoride salts that have been used in test reactors or other applications that
are applicable to the AHTR. The 2.5 MW(t) Aircraft Reactor Experiment (ARE) operated in the 1950s
with an NaF/ZrF, molten salt, while the 8 MW(t) MSRE?® operated in the 1960s with Li,BeF, (Flibe)
molten salt in both the primary and secondary loops. Although it was never used in a reactor, extensive
investigations were performed for a ternary alkali-fluoride (LiF-NaF-KF—“FLiNaK”) for high-
temperature nuclear service. In both the ARE and the MSRE reactors, the fuel was dissolved in the salt,
whereas the AHTR uses solid fuel and fuel-free salt. The term molten salt reactors discussed in the
literature typically refers to reactors in which the fuel and fission products are dissolved in the coolant
and, unfortunately, leads to frequent confusion regarding the nature of the AHTR. Despite the confusion,
the AHTR benefits from a large technological base of experience gained from both of the earlier
programs. These programs operated major test facilities for studying corrosion, pumps, valves, heat
exchangers, and other components in molten salt environments up to ~850°C. This experience is
captured in a repository of more than 1000 technical reports.

The use in the AHTR of a solid fuel and molten-salt coolant, rather than fissile materials and fission
products dissolved in the salt, has major advantages in terms of operations. The radioactivity in the
coolant will be many orders of magnitude lower than that in a fluid-fueled reactor and will largely result
from activation of the salt constituents. For some salts, such as Li,BeF,, the level of activation is expected
to be very low and short-lived. At operating temperatures up to ~750°C, Hastelloy-N received code
approval for nuclear service and showed excellent corrosion resistance. Since the time of the development
of Hastelloy-N, nickel superalloys (e.g., Hastelloy-X) have been developed that can be used at even
higher temperatures. It is likely that the use of these alloys, without cladding or coating, will require that
the chemistry of the salt be maintained in a chemically reducing condition to minimize system
corrosion.'”'* The use of a corrosion-resistant base alloy is the most robust type of protection—no passive
layers, films, coatings, or cladding protection is required for very high-temperature service. There are no
potential weak spots at joints or welds. For long-term operation above 800°C, new materials of
construction must be qualified. These requirements are similar to those of the very high-temperature
reactor (VHTR) and the fusion materials research programs.

Table 4.1 lists key thermophysical parameters for Flibe and NaF/ZrF, salts compared with several
other common coolant materials. The MSBR program in the 1960s chose a 'Li,BeF, salt because the
primary goal was to maximize the breeding ratio in the reactor. Significant reactor experience and
engineering test data exist for this salt. The °Li version of this salt is being developed as a coolant and
tritium breeder for fusion reactors. The physical properties and characteristics of many other candidate
molten salts have been investigated. The current reference salt for the AHTR is "Li,BeF,; however, the
ultimate choice of molten-salt coolant for the AHTR will depend upon goals and trade-offs involving
coolant costs, salt melting points, activation products, reactor dynamics, reactor design goals (electricity,
hydrogen production, etc.), occupational hazards, and other factors.

All primary-system salt components must have low neutron-absorption cross sections, reasonable
melting points, and suitable coolant properties. Candidate fluoride salts include 'Li, Na, Be, Zr, Rb, and
others. Chloride molten salts are not viable candidates because of their corrosive characteristics, high
thermal-neutron-absorption cross sections, and generation of *°Cl—a long-lived radionuclide'® that would
create significant waste management challenges. The toxicity of the molten fluoride coolant depends upon
the specific salt and varies from the fluoride salts used in toothpaste for prevention of tooth decay to toxic
materials. All of the candidate fluoride coolants have high boiling temperatures. The reference salt,
"Li,BeF;, has a boiling point of ~1400°C. In all cases, binary or more complex fluoride salt mixtures are
preferred because their melting points are lower than those for single-component salts. For example, the
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molten salt Li,BeF4 has a melting point of 459°C, whereas pure LiF has a melting point of 847°C and
pure BeF, has a melting point of 544°C. Other candidate salts include NaF-ZrF, (50 mol % NaF, 50 mol
% ZrFy), with a melting point of 510°C, and NaF—RbF-ZrF, (8 mol % NaF, 50 mol % RbF, and 42 mol
% ZrF,), with a melting point of 400°C. With some three-component mixtures such as 'LiF-BeF,-NaF,
and potentially four-component mixtures, it is possible to reduce melting points to ~350°C. At operating
conditions, molten fluoride salt thermophysical properties are similar to those of water except for the very
low vapor pressure.

Table 4.1. Thermophysical properties* common reactor coolants
; P C, pC, K v -10°
Coolant (kg/m®)  (kJ/kg°C)  (kJ/m°C)  (W/m°C)  (m%s)
Li,BeF, (Flibe) 1,940 2.34 4,540 1.0 2.9
0.58NaF-0.42ZrF, 3,140 1.17 3,670 ~1 0.53

Sodium 790 1.27 1,000 62 0.25
Lead 10,540 0.16 1,700 16 0.13
Helium (7.5 MPa) 3.8 5.2 20 11.0
Water (7.5 MPa) 732 5.5 4,040 0.13

*p is density; C, is specific heat; k is thermal conductivity; v is viscosity.

4.2 MATERIALS COMPATIBILITY

Molten fluoride salts have a relatively benign and noncorrosive interaction with dry air or CO,, but
they will slowly react with water to promote corrosion of metals. Fluoride salts are compatible with
graphite fuels.'® In the MSRE, the reactor core contained bare graphite as the neutron moderator, which
was in direct contact with the fueled salt. The postexamination study showed absolutely no erosion or
corrosion of the graphite—the original machining marks were still clearly visible, and insignificant
weight and dimension changes were recorded.'” This reactor experience (and many test-reactor
irradiations) showed that the molten fluoride salt does not react with the graphite under operating reactor
conditions or decompose in radiation fields. In addition to the MSRE experience at 650°C and capsule
irradiation experience up to 900°C, a special experiment was conducted to test very high-temperature
compatibility at 1400°C."® Graphite did not react with the salt even at this extremely high temperature.

There is a century of industrial experience with graphite and fluoride salt compatibility; almost all
aluminum metal is electrolytically produced using molten cryolite (3NaF—-AlF;) in very large graphite
baths at ~1000°C. In this application, the graphite crucible is very stable. The observed degradation of
graphite electrodes is the result of an extremely aggressive reducing environment needed to make the
aluminum, which will not be the case in the AHTR. Also, molten salts are candidates for cooling the first
wall of fusion reactors'® and are currently under active experimental study by DOE’s Office of Fusion
Energy Science.

There is a vast literature on the compatibility of nickel alloys with molten fluorides. Because there are
important trade-offs between strength, salt corrosion resistance, and air oxidation resistance, this subject
1s treated in Sect. 5, which discusses structural materials.

The lithium-beryllium salt also possesses the rather unique property of exhibiting extremely short-
lived and weak radiation due to neutron activation (7-s N-15, 11-s F-20). This coolant would require the
minimum in shielding to accommodate hands-on maintenance.
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4.3 HEAT TRANSFER CHARACTERISTICS

The excellent heat transfer properties of molten salts, compared with those of helium gas (see
Table 4.1), reduce the temperature drops between (1) the solid fuel and molten salt and (2) the molten salt
and any secondary system. Comparable calculations were made of the temperature drop between the
centerline of a fuel compact similar to that in an HTGR and the centerline of a coolant channel for helium
and molten-salt coolants. The temperature drops for helium and molten-salt coolants were, respectively,
150 and 100°C. The better heat transfer capabilities of molten salts (liquids) compared with those of
helium (a gas) provide for several potential benefits:

o Design margins. The thermal design margins can be increased compared with those for gas-
cooled reactors.

e Higher output temperatures. The maximum exit coolant temperature for a molten-salt-cooled
reactor can be higher than that for a gas-cooled reactor—assuming the same maximum fuel
temperature.

e Cooler fuel temperatures. Conversely, the maximum fuel temperature for a molten-salt-cooled
reactor will be lower than that for a gas-cooled reactor—assuming the same maximum core outlet
temperature.

o Higher core power densities. The power densities can be increased to decrease the reactor core
size or increase power output. Gas-cooled reactors traditionally have very low power densities
because of poor heat transfer. With a liquid molten-salt coolant, the power density can be
increased significantly.

e Improved decay heat removal. Improved heat transfer by natural circulation of the molten salt
allows the design of larger reactors with passive safety (see Sect. 3.3).

The heat transfer analyses reported in the previous section were performed using conventional
correlations. This type of approach produces conservative results at higher temperatures. Molten salts,
like molten glasses, are optically transparent in the visible light band and have significant transparency in
the infrared band. The heat capacities are also large. These characteristics imply that above ~700°C,
radiative transfer begins to become an important mechanism to enhance heat transfer since it increases as
the fourth power of the temperature (T*). The optical properties vary between salts and can be altered by
addition of certain cations. Hence, optical properties, and thus, high-temperature heat-transfer properties,
are partly controlled by the designer. Although this factor is a consideration in the design of industrial
facilities that produce molten glass, it has not historically been a consideration for reactor coolants.

4.4 SALT FREEZING

The relatively high melting point (350-500°C) of the molten salt will require special design features.
There is significant experience from the operation of sodium-cooled fast reactors, Russian lead-cooled
submarine reactors, and the MSRE. The AHTR uses a pool-type reactor vessel that reduces some of these
challenges. As with other high-temperature, liquid-cooled reactors, the reactor will be refueled with liquid
covering the reactor core. In this context, the AHTR has two advantages over sodium- and lead-cooled
reactors: (1) molten salts are transparent, and (2) the fuel has a lower power density and thus a lower rate
of volumetric decay heat generation.

4.5 TRITIUM PRODUCTION

The production of tritium will depend upon the final choice of salts. If the AHTR uses nonlithium
molten salts, the total tritium production will be less than for gas-cooled reactors and there will be a much
lower tritium level in the coolant. If molten-salts with "LiF are used, the tritium production will be
significantly higher than for helium-cooled reactors but similar tothat for the Canadian Deuterium
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Uranium Reactor (CANDU) (heavy water) reactors. In the AHTR, tritium can be trapped (if required—
dependent upon the salt) using systems very similar to those used in the Fort St. Vain gas-cooled reactor.

All graphite coated-particle fuels produce tritium via tertiary fission, and all nuclear-grade graphite
produces tritium via neutron reactions with impurities in the graphite. Gas-cooled reactors also produce
tritium by the *He(n,p)’H reaction. In the Fort St. Vrain reactor, almost all of the tritium that was released
is believed to have come from this reaction, since previous testing in Dragon and Peach Bottom reactors
showed that tritium produced in the fuel and graphite tend to stay there. Tritium production in gas-cooled
reactors is sensitive to the rate of helium loss from the system, since *He is added as an inherent
constituent in the fresh helium makeup. It is also sensitive to the original source of helium, which can
vary in its "He content (the natural abundance of *He is 0.000137%).

Tritium and °Li production were calculated for the reference AHTR configuration. The
overwhelmingly dominant reactions are the °Li(n, o.)’H reaction and the *Be(n, o)°He reaction with
subsequent beta decay to °Li. At 2400 MW(t), the equilibrium °Li concentration in the coolant is
0.001 wt %, or about 10% of its initial concentration. This is due to the burnout of the initial °Li loading
balanced by the generation of new °Li from the Be reaction. At this equilibrium concentration, tritium
production is ~500 Ci/day. However, the exponential decay constant for the °Li concentration is ~460
days, which means that it will take several years for the °Li concentration and, hence, the tritium
production rate, to reach an equilibrium value. The initial trititum production will be on the order of
5000 Ci/day. For comparison, an LWR produces ~50 Ci/day, and a typical heavy water reactor produces
3500—6000 Ci/day.*

The AHTR will contain a cover gas cleanup system and a Brayton cycle gas cleanup system. Both
systems will likely include tritium removal capabilities (if required), along with capabilities for the
removal of other impurities. Depending upon design choices, a molten-salt gas stripping system may be
associated with the cover-gas cleanup system for removal of tritium and other impurities from the coolant.
The major escape route for tritium from the primary system is the high-temperature, high-surface-area
intermediate heat exchanger. In the MSR, an intermediate coolant was chosen that could trap the tritium
in the molten salt. The MSR was designed to use a steam Rankine cycle, where diffusion of tritium
through the steam generators needed to be minimized. While an intermediate salt with high tritium
trapping capabilities is an option for the AHTR, no experiments have been done in this temperature range.

Several other approaches have been partly developed for fusion machines to control migration of tritium
or trap the tritium at high temperatures. For an AHTR using a Brayton power cycle, the tritium can be
relatively easily recovered in the cooler zones of the power conversion system.

4.6 RADIOLYSIS OF MOLTEN SALT

Fluoride salts do not undergo radiolysis in radiation fields when molten, and no fluorine will be
generated. Earlier reports> show that no radiolysis was detected in flowing loops of molten salt operated
in intense radiation fields of the Materials Testing Reactor. Molten fluoroborate coolant salts (containing
BF; + alkali-fluorides) were also tested for their radiolysis response, and none was found.* In fact, the
reverse reaction—recombination—typically counteracts primary radiolysis events far below the melting
point of the salt. For solid 2LiF-BeF, salt in a radiation field, the temperature that inhibited a net
radiolysis response was approximately 150°C.** For other solid fluoride salts (ZrF4,), no radiolysis
response was found above room temperature, and radiolysis at room temperature was not observed for
NaF-ZrF, salts in the ARE.*

4.7 FISSION PRODUCT RETENTION AND CLEANUP

A great deal of knowledge has been gained about the behavior of fission products in fluoride salts
from the experience with fluid-fueled reactors. This evidence has been gleaned from numerous irradiation
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capsule tests and the operation of two experimental reactors—the ARE in 1954 and the MSRE during
1966-1970.

The report on the disassembly and postoperative examination of the ARE® pointed to the ease of
removal of the noble gases and the deposition of certain noble metal fission products on metallic surfaces.
It was also learned that because of the evolution of chemistry that occurs during radioactive decays, it is

important to account for the kinetics of noble gas removal from the salt.

The irradiation capsule tests of molten salts that used a purged gas space are the most revealing.”* >

Xenon and krypton fission products were detected in these purge-gas samples. Very small amounts of
iodine and tellurium were found in a few tests, and these values are consistent with the precursor transport
of xenon and krypton.

A 140-page summary report” describing the behavior of fission products in the MSRE is the most
complete source of information on fission product behavior in molten fluorides. In all instances, the
evidence confirms what basic thermodynamics tells us: “only the noble gases (Xe, Kr) and tritium are
released from the salt.” All of the alkali (e.g., Cs), alkaline earth (e.g., Sr), rare earth (e.g., Y, Ln), and
most metallic fission products (e.g., Zr) are dissolved in the salt as fluorides and are relatively nonvolatile.
A few of the metallic fission products (the “noble” group: Ag, Pd, Ru, Mo, Tc, Rh, Sb) are not dissolved
(or are partially dissolved), but remain as metallic species and tend to deposit on the colder metallic
surfaces.

Of particular interest is the behavior of iodine. Fission product iodine exists in the salt in the reduced
form—*“iodide”—and is not volatile. After proper accounting for precursor transport, this behavior was
confirmed in the irradiation tests and during reactor operation. An extensive chemical study showed that
iodine can be removed from the salt only by extremely oxidizing conditions that promote iodide to

. . 30,31 . . . e - . 32
elemental iodine,””" or by displacement with fluorine under oxidizing conditions.

For the purposes of this study, the importance of the molten salt as an additional barrier for fission
product release should be highlighted. The situation for gas-cooled reactors was summarized in the
International Atomic Energy Agency’s TECDOC-978 (Ref. 33) and is shown in Fig. 4.1. To meet site-
boundary release restrictions for HTRs, credit for each fission product barrier is needed. A low-failure
fraction fuel is required; only about one particle in ~100,000 can fail in normal operation or accident
conditions and still meet the regulatory requirements. The most mobile radioactive species are Ag-110m,
Cs, I, and Sr. The controlling isotopes for site-boundary release are Cs and I, while Ag-110m tends to
control the maintenance dose.**

The situation for the AHTR, shown in Fig. 4.2, has the potential to be more favorable. The molten
salt coolant offers additional fission product containment features and may reduce some licensing
barriers. Key features are the low-pressure coolant and gas-trapping system and the retention of the most
important radiotoxic fission products in the salt. With a low-pressure coolant, a true containment building
is a more practical option than for a high-pressure, gas-cooled system.

There will also likely be a requirement to clean up the coolant salt from any chemical or radioactive
impurities. Chemical purification was perfected during the preparation of the salt for the MSRE.
Hydrofluorination for the preparation of clean salts was done on a large scale for the production of ~12
metric tons of high-purity fluoride salts for the MSRE.*>*® Prior to the second phase of U-233 operations,
the MSRE fuel salt was purified by removal of **°U and selected fission products (H-3, Se, Br, I, Kr, Xe,
Nb, Mo, Tc, Ru, Np, Sb ) by fluorination and hydrofluorination/reductive purification (Cr, Ni, Fe).””**
Vacuum distillation studies showed that CsF can be selectively removed from the base-salt.””** Extensive
reductive extraction studies are summarized in Ref. 3. The primary objective of these studies was the
removal of rare earth fission product poisons. In the past decade, Argonne National Laboratory examined
a complete clean-up of the MSRE fuel salt by other pyrochemical methods (mainly electroseparations)
and found this to be feasible route. The most difficult separations are those that involve elements that are
in a homologous chemical series, such as Cs from Li or Na, and Sr from Be. The higher volatility of BeF,,
CsF, and ZrF, means that these elements separated more easily during vacuum distillation.
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The MSRE secondary coolant was kept extremely clean during the 4-year operation of the reactor,
and no in-line cleaning was required. It is likely that the AHTR will not require a complex clean-up
system for the coolant, but that more extensive cleanup may be needed on a period determined by the
release of fission products from the fuel.
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5. STRUCTURAL MATERIALS

In considering materials performance in the AHTR, the materials were classified into four broad
categories: (1) graphite and C/C composites; (2) reactor vessel materials; (3) high-temperature metallic
components; and (4) high-temperature, melt-infiltrated-composite components. Codification of the
materials may be necessary, and the experience base and maturity of the material will influence the
applicability of the material within the proposed time frame for reactor demonstration. In general,
mechanical properties of irradiated and unirradiated materials in the presence of the chosen molten
fluoride salt, high-temperature oxidation behavior, and salt compatibility data need to be generated. For
the lower temperature AHTR-IT version, compatible code materials already exist such as Hastelloy-N.
However, the 1000°C coolant outlet temperature required by the AHTR—VT for the NGNP application
will require considerable material testing and qualification.

5.1 GRAPHITE AND CARBON-CARBON COMPOSITES

The graphite core, reflector and vessel insulation, and C/C composite core supports and control rods
will operate in a molten salt environment over a range of temperatures from 500°C up to 1100°C or
higher (peak temperature being selected as a tradeoff between reactor thermal inertia, thermal blanket
system performance, and materials properties). Extensive prior work has demonstrated that graphite is
compatible with molten fluoride (these are fundamental properties and are not particularly dependent on
manufacturing). Fine-grained isotropic, molded, or isostatically pressed high-strength graphite suitable for
core support structures (e.g., Carbone USA grade 2020 or Toyo Tanso grade 1G-110) is available today.
Toyo Tanso grade IG-110 was used in the Japanese High-Temperature Test Reactor for fuel blocks and in
the Chinese HTR-10 pebble bed reactor. Past experience has also demonstrated techniques for
accommodating any radiation-induced dimensional changes in the graphite reactor vessel insulation.
However, a database of properties needs to be developed for design use. It is anticipated that properly
designed and manufactured C/C composite structures will demonstrate similarly good properties in the
presence of molten fluoride salts and better mechanical properties. Carbon—carbon composite heat
exchangers are also now being explored under a high-temperature heat exchanger project at the
University of Nevada at Las Vegas.

5.2 REACTOR VESSEL MATERIALS

The reactor vessel must be capable of operating at 500°C and may need to withstand temperature
excursions to 800°C for 100 hours under accident conditions if a DRACS system is not used to augment
RVACS decay heat removal. The vessel must demonstrate adequate strength and creep resistance (long
term and short term), good thermal-aging properties, low irradiation degradation, fabricability, good
corrosion resistance, and ability to develop and maintain a high-emissivity surface in air. Past experience
has demonstrated that nickel-based alloys demonstrated good resistance to molten salts. Therefore, it is
proposed that stable, high-strength, high-temperature materials, such as 9Cr—1MoV, be coated with a high
nickel coat for the reactor vessel application. Should the vessel be required to withstand excessive off-
normal temperatures, base materials such as 304L, 316L, 347, Alloy 800H, or HT may be appropriate. In
addition, monolithic materials with adequate corrosion resistance to molten fluoride salts and high-
temperature strength may include Alloy 800H or HT, Hastelloy N, and Haynes 242. The performance of
the suggested materials needs to be evaluated, especially at the higher temperatures. Further, the ability to
develop and maintain a high-emissivity layer on the surface of the vessel exposed to argon or air must be
demonstrated, but this is not considered a major barrier.
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5.3 HIGH-TEMPERATURE METALS

High-temperature metallic or composite materials are needed for use at 1000°C in the presence of
molten fluoride salts on one side and an insulation system in contact with air on the other side. Piping and
heat exchanges are examples for the latter conditions. Pumps and other components submerged below the
primary salt pool will need to survive higher temperatures for short times or be replaceable at reasonable
expense. The metallic materials used in these environments must demonstrate adequate strength (long
term and short term), good thermal-aging properties, low-irradiation degradation, fabricability, and good
corrosion resistance. Again, based on material maturity and the need for high nickel for fluoride corrosion
resistance, stable high-strength, high-temperature metallic materials such as Inconel 617, Haynes 230,
Alloy 800H, Hastelloy X or XR, VDM 602CA, and HP modified with high nickel coatings need to be
evaluated. Should higher-temperature alloys be required, Haynes 214, cast Ni-based superalloys (for
pumps), and ODS MA 754 are possible candidates. Recent experience suggests that should the oxidation
potential of the salt be made very reducing, it may be possible to use ODS MA 956 (an iron-based alloy).
These monolithic materials will require more testing and data development. For composite materials, LSI
composites, with chemical vapor deposition carbon coatings, may be promising for use for pumps, piping,
and heat exchangers.

The following tables (Tables 5.1 and 5.2) summarize the properties of the metallic materials selected
for further evaluation.
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Table 5.1. Coated F-M or stainless steels, or monolithic alloys potentially suitable for AHTR reactor vessel needs

Candidate materials

Salt corrosion

Air corrosion

Long-term strength at

Highest usage temperature (°C)

resistance resistance 500°C
Coated 9Cr-1MoV Poor Good Very good 650
2 % Cr—1 Mo Poor Good Good 650
304 Poor Good Very good 815
316 Poor Good Very good 815
347 Poor Good Very good 815
Alloy 800H or HT Poor—Fair Good Very good 980
Monolithic Hastelloy N Excellent Good Very good 730
Haynes 242 Very good Good Very good 540
Alloy 800H or HT Poor—Fair Good Very good 980
Candidate materials Metallurgical Irradiation Fabricability Maturity Codified
stability resistance
Coated 9Cr—1MoV Fair Good Good High Sect. 111, VIII
304 Good Good Good High Sect. 111, VIII
316 Good Good Good High Sect. 111, VIII
347 Good Good Good High Sect. 111, VIII
Alloy 800H or HT Good Good Good High Sect. I, 111, VIII
Monolithic Hastelloy N Good Good Good High Sect IIL,* VIII
Haynes 242 Good Adequate Good Low Sect. VIII
Alloy 800H or HT Good Good Good High Sect. 111, VIII
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Table 5.2. Coated high-temperature alloys or monolithic alloys potentially suited for AHTR needs

. . Salt corrosion Air corrosion | Long-term strength at Highest usage Potential AHTR
Candidate materials . . component
resistance resistance 1000°C temperature (°C) usage*
Coated Inconel 617 Needs evaluation  Good Very good 1000 PM, P, V, HX
VDM 602CA Needs evaluation  Good Good 1000 P, V,HX
Alloy 800H Needs evaluation = Poor Good 1000 P, HX
Haynes 230 Needs evaluation = Marginal Good 900 P, HX
Hastelloy X or XR Needs evaluation = Poor Good 900 P, HX
HP modified Needs evaluation = Good Excellent 1100 \
Monolithic Haynes 214 Very good Good Good 1000 V, HX, CHX
MA 956 Very good Good Good ? HX, CHX
MA 754 Very good Good Good ? HX, CHX
Cast Ni superalloys Very good Good Good ? PM
Candidate materials Metallurgical Irradiation Fabricability Alloy maturity Codified
stability resistance
Coated Inconel 617 Good Good Good High Sect. VIII
VDM 602CA Good N/A Good Medium Sect. VIII
Alloy 800H Good N/A Good High Sect. I, 111, VIII
Haynes 230 Good N/A Fair—Good High Sect. 1, VIII
Hastelloy X or XR Good N/A Good High Sect. I, VIII
HP modified Good N/A Cast only High API
Monolithic Haynes 214 Fair—Poor N/A Poor—Fair Low No
MA 956 Good N/A Poor—Fair Low No
MA 754 Good N/A Poor—Fair Low No
Cast Ni superalloys Good Adequate Cast only High No
*PM—pump
P—piping
V—uvalves

HX—heat exchanger
CHX—compact HX




5.4 HIGH-TEMPERATURE MELT-INFILTRATED COMPOSITES

(LSI C/C composites are a potentially attractive construction material for high-temperature heat
exchangers, piping, pumps, and vessels for the AHTR because of their ability to maintain nearly full
mechanical strength to high temperatures (up to 1400°C), the simplicity of their fabrication, their low
residual porosity, and their moderate cost.”* Intermediate heat exchangers fabricated from these materials
could potentially be located inside the AHTR—VT vessel, eliminating external primary piping and heat
exchangers. LSI composites are fabricated from low-modulus carbon fiber that can be purchased in bulk
at around $20 per kilogram and at lower costs for chopped carbon fibers.

Chopped carbon fiber can provide a particularly attractive material that can be readily formed by
pressing with dies and machined using standard milling tools and then assembled into complex parts. In
the United States, centrifugal pump impellors and casings are now routinely machined from carbon-fiber
reinforced phenolic resin preforms, a machining process that could be readily extended to the machining
of C/C preform materials prior to LSI processing for use at high temperatures.*

LSI C/C-SiC composite heat exchangers, and other components, capable of operating with high-
pressure helium, molten fluoride salts, and sulfuric acid, could have great value both for thermochemical
production of nuclear hydrogen with the sulfur-iodine or hybrid process and for use for components in
fusion blanket systems using molten salts as coolants and neutron shielding media (e.g., heat exchangers
to transfer heat from molten salts to power-cycle helium).

Three primary materials questions will need to be answered by research to confirm the viability of
using these materials for these applications. These include testing for materials compatibility with molten
salt and sulfuric acid as a part of these materials compatibility studies now under way in the DOE nuclear
hydrogen program, to confirm material corrosion performance, and studies of helium permeation in
appropriate small test articles.

Of greatest interest is the potential to fabricate compact plate-type heat exchangers that can provide
very high surface-area-to-volume ratios and very small fluid inventories while operating at high
temperatures with small temperature drops. Fabrication might be possible using plates a few to several
millimeters thick fabricated from chopped fiber C/C preform material.

One side of each plate would be die-embossed, or milled, to provide appropriate flow channels,
leaving behind fins or ribs that would provide enhanced heat transfer as well as mechanical connection by
a reaction bond to the smooth side of the next plate. Typical flow-channel geometries are shown in
Fig. 5.1. For the green C/C material, milling can be performed readily with standard numerically
controlled milling machines, as shown in Fig. 5.2. Alternatively, plates can be molded with the flow
channels, as has been demonstrated for C/C composite plates fabricated at ORNL for fuel cells (shown in
Fig. 5.3). As shown in Fig, 5.1, the channels for the molten salt would have a smaller cross-sectional area
than those for the helium because of the much higher volumetric heat capacity of the molten salt.
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Fig. 5.1. A unit cell of an LSI C/C-SiC plate heat exchanger.

Fig. 5.2. Photos of numerically controlled milling being performed on carbon—carbon green-body
material. Source: Ref. 44.
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Fig. 5.3. Pressed plate of short-fiber carbon—carbon composites showing the fabrication of flow channels
using molds for application to fuel cells. Source: Ref. 45.
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99-0783-06 992204-B Bipolar Plate &E10pm

Fig. 5.4. Photo of chemical vapor infiltration-deposited carbon layer on a carbon—carbon composite
plate. Source: Ref. 5.
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The flow configuration through the plates would be similar to that of a standard plate heat exchanger,
where circular holes at each corner provide flow paths for fluids entering and leaving from between
alternating plates. For assembly, the ends of the fins and other remaining unmachined surfaces around the
machined flow channels would be coated with phenolic adhesive, the plate stack assembled, header pipes
bonded and reinforced, and the resulting monolith pyrolysed under compression. Then liquid silicon
would be infiltrated to reaction-bond the plates and headers together, forming a compact heat exchanger
monolith.

Optionally, surfaces to be exposed to molten salts could be coated with carbon using chemical vapor
infiltration (CVI). Such methods have been developed at ORNL for coating C/C composite plates for fuel
cells.* Figure 5.4 shows a C/C composite plate coated at ORNL using the CVI method. Methane,
potentially with a carrier gas like argon, flows at low pressure (~8 kPa) between the plates at temperatures
around 1500°C and deposits a graphitic carbon layer with a preferred crystallographic orientation with the
¢ direction of the hexagonal structure normal to the deposition surface. The basal planes then lie parallel
to the surface, so that cracks are more likely directed along the surface rather than through the thickness.
From the perspective of protecting the substrate material from the molten salt, some porosity of the
carbon layer could be acceptable, as is found for nuclear graphite, for which DeVan et al.** have noted,
“Completely sealing these pores [in graphite] is impractical, the material will simply ‘blow-up’ due to
internal pressure developed during heat treatment. However, since the molten salts are non-wetting to
graphite and possess a high surface tension, it is only necessary to reduce the entrance pore diameter to <1
micron to prevent salt intrusion” (p. 485).

ORNL also subjected samples treated by CVI of carbon to 100 MPa stresses in bidirectional bending
of plates.” These samples were then tested for hermeticity by pressurizing one side with 206 kPa of
hydrogen and measuring the through-thickness gas leakage rate, and it was found that excellent
permeation resistance could be achieved.

Activities to fabricate and test LSI test samples are now under way at UCB as a part of the DOE
nuclear hydrogen program.
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6. SAFETY SYSTEMS

The AHTR has the potential to provide a robust safety case because of various inherent and passive
safety characteristics. Inherent safety characteristics include moderate core power density, high-
temperature-margin fuel, a high-thermal-inertia core, efficient decay-heat removal based on effective heat
transfer of the molten salt (which requires no moving parts or control activation signals), atmospheric
pressure operation, and efficient liquid-coolant heat transfer. Reactor power is intrinsically limited by
negative temperature feedback (Doppler effect) within the fuel. The reactor physics and kinetics are
similar to that of the GT-MHR. A series of systems are designed to remove decay heat and provide
protection in beyond-design-basis accidents.

6.1 AHTR CORE THERMAL INERTIA

One of the most important safety characteristics of a reactor is its thermal inertia. If a reactor has an
appropriately large thermal inertia, it will take days before the decay heat raises the reactor temperature
sufficiently to cause fuel failure. This has several advantages: (1) provides time for operator action, (2)
reduces the requirements on the decay heat removal system, and (3) provides time for short-lived
radionuclides to decay away. The AHTR has a very large thermal inertia because it combines the efficient
natural-circulation liquid heat transfer with high-temperature capabilities. The effective utilization of this
thermal inertia requires, however, a reliable TBS to maintain the reactor vessel at lower temperatures
while the primary salt and core are heated to higher temperatures. For safety analysis, key issues will
involve assessing the uncertainty in predictions of the heat transfer rate across the TBS and assessing the
effects of TBS component failures in creating potential leakage and thermal bypass across the TBS.

6.2 RVACS/DRACS DECAY HEAT REMOVAL

Thermal inertia can slow the temperature rise in the reactor core; however, decay heat removal is
ultimately required. The thermal capacity of the 2400 MW(t) AHTR core is more than a factor of four
greater than the 600 MW (t) GT-MHR, while maintaining a peak core temperature of 1160°C at 50 hours
in the AHTR. The acceptable thermal power of the AHTR is then limited by the peak decay-heat removal
capacity of the RVACS, potentially supplemented by a DRACS. The 600 MW(t) GT-MHR reactor cavity
cooling system (RCCS) has a peak capacity that matches the decay heat output at the time of peak core
temperature 50 hours after loss of cooling. To achieve the same 50-h duration at 2400 MW(t), the AHTR
RVACS/ DRACS system must have a heat removal capacity four times that of the GT-MHR.

The AHTR uses passive RVACS similar to that developed for the General Electric sodium-cooled
S-PRISM for decay heat removal.*’” The reactor and decay heat cooling system is located in a below-grade
silo. In this pool reactor, RVAC system decay heat is (1) transferred to the reactor vessel graphite
reflector by natural circulation of the molten salts, (2) conducted through the graphite reflector and
reactor vessel wall, (3) transferred across an argon gap by radiation to a guard vessel, (4) conducted
through the guard vessel, and then (5) removed from outside of the guard vessel by natural circulation of
ambient air. The rate of heat removal is controlled primarily by the radiative heat transfer through the
argon gas from the reactor vessel. Radiative heat transfer increases by the temperature to the fourth power
(T*); thus, a small rise in the reactor vessel temperature (as would occur upon the loss of normal decay-
heat-removal systems) greatly increases heat transfer out of the system. The design allows transfer of the
heat by efficient liquid natural convection from the center of the reactor core (hot-spot location) to near
the vessel wall. The vessel layout also allows the addition of supplemental DRACS heat exchangers,
similar to those used in the EBR-II, to augment decay heat removal by the RVACS.

While the potential for highly effective RVACS heat removal exists for the AHTR, detailed design
will be required to optimize and maximize its heat removal capability. There are multiple RVACS cooling
options, including operating the reactor vessel at lower temperatures than the molten salt coolant. Scaling
of both the thermal inertia and RVACS heat removal capability of the AHTR suggest that reactor thermal
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power greater than 2400 MW(t) should be achievable with a vessel of the same volume as the GT-MHR
or S-PRISM. The additional use of a DRACS could further augment the reactor power.

6.3 BEYOND-DESIGN-BASIS ACCIDENTS

6.3.1 Accident Mitigation

Among solid-fuel reactors, the AHTR has potentially unique accident-mitigation capabilities; that is,
characteristics that limit the extent and scope of an accident and potential radioactive releases.

o Fuel. The AHTR uses the same fuel as the GT-MHR. This high-temperature fuel has the same
excellent high-temperature fission product retention capabilities.

e Coolant. Most fission products (excluding primary krypton and xenon) and all actinides escaping
the fuel are soluble in the molten salt and will remain in the molten salt at very high temperatures.
Cesium and iodine remain in the salt. Fluoride salts were chosen for the liquid-fueled molten salt
reactor, in part because actinides and fission products dissolve in the molten salt at very high
temperatures.3

e Low energetics. The chemical inertness and low pressure of the molten-salt coolant eliminate the
potential for damage to the confinement structure by rapid chemical energy releases (e.g.,
sodium) or coolant vaporization (e.g., water).

o Fuel isolation. The molten salt excludes access of air to the solid fuel. This avoids concerns about
graphite fuel oxidation and prevents direct transfer of radionuclides from fuel to air.

6.3.2 Beyond-Design-Basis Accidents with Vessel Failure

In a beyond-design-basis accident, it is assumed that the air-cooled passive decay-heat-cooling system
has failed and that significant structural failures (vessel failure, etc.) have occurred. Decay heat continues
to heat the reactor core but decreases with time. To avoid the potential for catastrophic accidents
(accidents with significant release of radionuclides), the temperature of the fuel must be kept below that
of fuel failure by (1) absorption of decay heat in the reactor and silo structure and (2) transfer of decay
heat through the silo walls to the environment. For the modular high-temperature gas-cooled reactor
(MHTGR)," the maximum size of reactor that can withstand this accident without major fuel failure is
~600 MW(t).

Work has begun®® to define the maximum size AHTR that can withstand this type of accident based
on the earlier work on MHTGRSs. The choice of (1) a high-temperature fuel and (2) a low-pressure
(relatively chemically inert), high-temperature coolant enables construction of larger reactors with this
capability. The beyond-design-basis strategy can be understood by following the sequence of expected
events and defining the mechanisms to prevent massive fuel failure (Fig. 6.1).

o Reactor vessel heat up. After loss of decay heat cooling, the initial event is heat up of the reactor
vessel. The AHTR thermal inertia per megawatt thermal in the reactor vessel exceeds that of the
MHTGR; that is, the peak fuel temperatures increase at a slower rate after loss of all cooling.
This slower increase occurs despite the fact that the AHTR vessel volume [2400 MW(t), 9.2-m
diam, 1260 m’] is almost identical to that of the MHTGR [600 MW(t), 8.4-m diam, 1210 m’] and
reflects the more efficient use of the thermal inertia of materials within the reactor vessel.

Under design-basis depressurization loss-of-cooling conditions in the MHTGR,* large radial and
vertical temperature gradients exist within the reactor vessel. Under depressurized conditions, the
MHTGR peak fuel temperature reaches 1560°C after 60 hours, while the peak temperatures of the
reactor vessel are under 600°C. Large temperature gradients are needed to remove the decay heat
by conduction. If the reactor remains pressurized with better heat transfer in the reactor vessel,
the core temperature peaks at only 1240°C at 50 hours, because of the more uniform core
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temperature caused by natural convection of the high-pressure helium coolant. Most of the mass
in the reactor is far below allowable peak temperatures and not efficiently used to maximize the
effective thermal inertia.

The larger total thermal inertia of the AHTR is a consequence of (1) the molten salt circulation,
which ensures almost isothermal conditions within the reactor core and (2) the higher-heat-
capacity reactor core. The conceptual design of the AHTR has a 9.2-m diam, 5-cm vessel with a
0.65-m-thick graphite liner and reflector and an effective annular core diameter of 7.8 m.
Conversely, the effective core diameter of the MHTGR is only 4.9 m because of the 0.22-m-thick
vessel wall, the inner core barrel and shell for helium inlet down flow and vessel thermal
conditioning, and the graphite reflector. In both reactors, the centers of the annular cores are filled
with graphite that is included in the calculations of core heat capacity. In the vertical direction,
the MHTGR heats the 1.6-m-thick graphite reflector, located above the 7.9-m-high core.
Conversely, the AHTR provides a 6.8-m-deep molten-salt pool above the core. Thus for the
AHTR, the ratio of the active volume to absorb heat relative to that of the MHTGR is 4.1.
Furthermore, in the MHTGR a significant fraction of the thermally active volume is occupied by
helium, which has negligible heat capacity. Conversely, in the AHTR, all of the active volume is
occupied by graphite or by molten salt, which has a larger specific heat capacity than graphite.'?

Vessel failure. High temperatures ultimately cause the vessel to fail. Molten salt coolant from the
reactor vessel fills the bottom of the silo. The reactor vessel contains sufficient salt to keep the
reactor core flooded. The circulating molten salt between the reactor vessel and silo efficiently
transfers heat from the reactor vessel to the silo wall. Several different molten salts are being
considered as reactor coolants. The freezing points are typically 350°C or somewhat higher.
When the salt contacts the cold silo wall, it freezes. Unlike water, the salt will not leak out.
Furthermore, no major chemical reactions that generate heat or gases will occur, which is not the
case with sodium.

Salt Condensation
Secondary Salt
y > / - Melting
SOV UOUUN N ‘ Secondary
Molten Salt Salt
Level Boiling
Reactor Vessel Salt
” Heat
Guard Vessel Conduction
Iron Ring —_ | I to Ground
o : .
™ Circulating Salt

Reactor Core
(Fuel Failure ~1600°C)

\ Silo / \— Frozen Salt

Fig. 6.1. Normal and beyond-design-basis accident states for the AHTR.
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Silo-wall heat conduction. The silo wall contains low-cost thick steel rings that are similar to
those used in the mining industry to line deep mine shafts and prevent their collapse. In the
mining industry, these rings are referred to as tubing or “ausbau.” The diameter of the AHTR silo
is similar to that of large mine shafts, but the depth is only 20 m. Under operating conditions, the
rings are cooled by exposure to outside air that is drawn down in the silo and then flows up on the
other side of a partition to remove heat from the guard vessel. Following vessel failure, the rings
conduct heat up of the silo wall and distribute it above the coolant salt layer.

Secondary-salt melting. Near the top of the silo is an annular ring of a secondary solidified
molten salt. As the temperature of the secondary salt increases, the secondary salt melts, flows
into the silo, and floods the silo to a higher level. The melting, heating, and boiling of the
secondary salt can provide a significant source of thermal inertia.

= Heat absorption. Typical fluoride salts have a volumetric heat capacity'**" of ~4000
kJ/(m® °C). If the secondary salt was allowed to be heated to 1000°C, it would absorb
0.046 MWd/m’. The heat of vaporization for typical fluorides is about 0.16 MWd/m’.
Depending upon design, the heat up and selected boil off of secondary salt components
can absorb several days of decay heat.

= Salt selection. Unlike the reactor coolant salt, the secondary salt has no requirement for
low nuclear cross sections to minimize neutron absorption. A variety of chloride and
fluoride salts are potential candidates. Studies have not yet been conducted to define the
preferred salt based on cost and performance requirements (compatibility with coolant
salt and melting point). If appropriate low-cost salts are found, the option exists for the
secondary-salt inventory to absorb days to weeks of decay heat.

Heat conduction to earth. Heat is conducted to the earth surrounding the silo and ultimately to
the environment. The 600-MW(t) MHTR uses the same approach for ultimate heat rejection in a
beyond-design-basis accident. However, significant differences are noted between gas-cooled and
molten-salt-cooled reactors in their ability to reject heat to the ground.

» Heat transfer area. The flooding of the silo with molten salt increases the effective
surface area of heat transfer from the reactor vessel to the silo wall. If the silo is full of
molten salt, the entire silo wall, not a small section of the wall, rejects heat to the
environment. The placement of the reactor core at the very bottom of the reactor vessel
allows full utilization of the complete silo area. Because molten salt heat fluid is used for
heat transfer, heat rejection rates can be further increased by (1) increasing silo depth or
(2) designing the top of the silo with its shorter pathway for heat rejection to the
environment. The effective heat transfer area is thus doubled.

= Uniform temperatures. Natural circulation of the molten salt results in a relatively
uniform temperature throughout the silo. The vertical temperature gradient will be only a
few tens of degrees.

= Temperature drops. The peak temperature of the fuel is fixed by the need to avoid fuel
failure. Temperature drops occur from the fuel to reactor vessel wall, from the vessel wall
to silo wall, and from the silo wall into the earth. Liquid cooling (reactor coolant and
secondary salt) minimizes the first two temperature drops. This allows for higher silo
temperatures, which, in turn, allow greater heat rejection to the ground.

Extrapolations from the MHTGR (considering heat capacity, effective silo surface area, and available
temperature to drive heat from the silo wall to the environment) indicate that a 2400 MW(t) AHTR with
beyond-design-basis-accident capabilities could be built. However, major uncertainties remain because
such systems imply high temperatures near the silo and reactor facilities. There are many design choices
and tradeoffs,”' including options that may not require a secondary salt.
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Most fission products (including cesium and iodine) and all actinides escaping the solid AHTR fuel
are soluble in the molten salt and will remain in the molten salt at very high temperatures. Fluoride salts
were chosen for the liquid-fueled molten-salt reactor because actinides and fission products dissolve in
the molten salt at very high temperatures.’ This same characteristic applies to the AHTR and provides the
reactor with a second, independent beyond-design-basis-accident mitigation system to prevent
radionuclide release to the environment.

6.4 INTERMEDIATE HEAT TRANSPORT LOQOP

If the AHTR is used to produce hydrogen, a key issue is the coupling of the two plants via the
intermediate heat transport loop. The intermediate heat transfer system has two sets of safety-related
functional requirements: (1) protect the reactor and chemical plant from transients and accidents in either
facility and (2) protect the reactor and chemical plant from transients and accidents within the
intermediate heat transfer system. Molten salts may offer major safety advantages compared to helium for
this application.

The primary hazard associated with thermochemical production of hydrogen is the large inventory of
toxic hazardous chemicals. For example, in the sulfur iodine process this includes hydrogen iodine (HI),
iodine (I), sulfuric acid (H,SOy,), sulfur trioxide (SO;), sulfur dioxide (SO,), and hydrogen (H,). From a
chemical perspective, the primary hazards are associated with toxic heavy gases. Chemical industry
experience (e.g., Bhopal) shows that the most dangerous materials are those associated with toxic heavy
gases that migrate at ground level, go downwind offsite, and come in contact with people. In contrast, the
hazards associated with hydrogen are localized to within the chemical plant because hydrogen is a light
gas that rapidly rises. Hydrogen is not the primary safety concern in an industrial environment.

There are two types of energy sources that can enable the rapid dispersal of hazardous chemicals as a
fine aerosol or gas in an accident—high-pressure gases and highly energetic chemical reactions. Both
must be considered in terms of plant safety.

If the heat transfer loop is at pressures in excess of the chemical plant, the compressed heat transfer
fluid becomes an energy source to disperse hazardous chemicals if a heat exchanger fails. The chemical
industry has traditionally used low pressure, low-energetic liquids as heat transfer agents to avoid this
type of accident. This has included various molten salts in traditional applications to ~600°C. Several
chemical companies, such as DOW, produce specialized heat transfer liquids for these applications.
Because there has not been a demand, molten salt heat transfer agents for very high temperatures have not
been developed or commercialized.

High-pressure helium has not been used for safety, performance, and cost reasons. If helium is
allowed, active safety systems with very fast acting valves dumping to atmosphere will be required for
rapid depressurization in the event of an accident before the chemical plant is pressurized and disperses
hazardous chemicals.

The second type of accident initiator is associated with chemical reactions between the heat transfer
fluid and the chemical plant fluids. Helium is chemically inert; thus, is safe in this context. The safety of
fluoride molten salts for this application was evaluated using the HSC 5.1 thermodynamics package by
Outokoumpu Research of Finland. This preliminary safety evaluation examined chemical reactions
between sulfuric acid (H,SO4) and NaF-KF-ZrF, (10-48-42 mole %) salt at 1 atm and 850°C. The
evaluation indicated that the potential chemical reaction was endothermic; that is, the reaction only
progresses if heat is applied. The analysis also indicates that if the reaction went to completion, the gas
volume of reactants would increase by 15%. The preliminary analysis indicates that there is only a limited
potential for safety concerns from mixing the thermochemical plant reagents with the molten salt heat
transfer fluid. Accidents are self limiting.

Table 6.1 shows the chemical reagents before mixing and the equilibrium thermodynamic mixture if
the reaction goes to completion; that is, sufficient heat is provided to drive the reaction to completion. It is
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noted that the heating of sulfuric acid to 850°C, as shown in the second column, results in the dissociation
of sulfuric acid into various chemical species.

Criteria for selection of a molten salt for transport of heat should include criteria to assure chemical
plant safety. In most cases, this criterion is not expected to have a significant impact on the choice of
molten salt. The transport of heat imposes two technical criteria on the choice of the salt: (1) thermally
stable at very high temperatures and (2) compatible with the materials of construction used for piping and
heat exchangers. These criteria require selection of fluoride salts that are thermodynamically very stable.
This required characteristic also makes exothermic chemical reactions with chemical process reagents
unlikely in practical systems.

Table 6.1. Thermodynamic equilibrium (850°C; 1 atm) between
200 moles of sulfuric acid (H,SO,) and 100 moles of the molten salt:
NaF-KF-ZrF, (10-48-42)

Species Before interaction At equilibrium
H,O(g) 200 87.66
SOx(g) 165.4 145.09
O1(g) 82.6 72.54
SOs(g) 34 26.54
NaF 10 0.06
KF 48 1.21

Z1F, 42 0.01
HF(g) 224.65
710, 41.99
K,S0, 23.39

Nast4 4.97
HSOx(g) 0.011
SO,Fs(2) 0.002
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7. ELECTRICITY AND HYDROGEN PRODUCTION

7.1 THERMAL CHARACTERISTICS FOR ENERGY CONVERSION

An important characteristic of the AHTR is the ability to deliver all the heat at high average
temperatures without high pumping requirements. Liquid coolants have high-heat capacities and low-
pumping power costs in comparison with gas coolants due to their much higher volumetric heat
capacities. Liquid-cooled reactors deliver most of their heat at near-constant temperatures, while gas-
cooled reactors deliver their heat over a wide range of temperatures due to pumping power limitations. If
a gas-cooled reactor were to deliver most of its heat over a similar small temperature range, the energy
consumption in circulating the gas would use a significant fraction of the plant output. The AHTR, as a
liquid-cooled reactor, can deliver its heat with small temperature drops (40 to 100°C) with low pumping
power costs.

7.2 ELECTRICITY PRODUCTION

The AHTR has a higher potential efficiency than the GT-MHR at the same reactor coolant exit
temperatures, because delivery of most of the heat at near-constant high temperatures allows the use of
more-efficient Carnot-like power cycles. The benefit of these advanced cycles is increased efficiency,
resulting in up to 20% increased electrical output for the same thermal power. The cost of this
improvement is some increased system complexity. Molten salt coolants present the most promising
approach to take advantage of this potential benefit.

The proposed General Atomics GT-MHR,* with a direct recuperative gas-turbine cycle, has an
efficiency of 48% with an exit gas temperature of 850°C. The AHTR, with an indirect recuperative multi-
reheat gas-turbine cycle (Fig. 2.11), has an efficiency of 54%—assuming the same temperatures and
turbomachinery parameters.” Current materials may allow molten salt temperatures of ~750°C. At these
temperatures, the AHTR matches the efficiency of the GT-MHR with its exit helium temperature of
850°C. At 1000°C turbine inlet temperature that might be obtained with advanced materials, using the
same fuel that currently limits the GT-MHR to an exit helium gas temperature of 850°C, and taking
advantage of the improved heat transfer properties of the molten salt (see above), the efficiency of the
AHTR can exceed 59%.

The reference AHTR design employs a recuperated helium Brayton cycle with three stages of reheat
and three stages of intercooling.’* The helium pressure is reduced through three turbines in series, with
reheating of the helium to its maximum temperature with hot molten salt before each turbine. Such power
cycles are viable only with (1) indirect power cycles to deliver heat before each turbine and (2) liquid-
cooled reactors, in which most of the heat from the reactor can be delivered with low-pressure drops at
near-constant high temperatures. Calculations have shown that for the same reactor outlet temperatures,
the multiple-reheat Brayton cycle increases the thermal efficiency of the AHTR by between 5 to 6%
above that of the GT-MHR with a traditional Brayton cycle. The potential reduction in the reactor vessel
conditioning heat load, due to the low-pressure operation of the AHTR, potentially increases the AHTR
thermal efficiency by an additional 1 to 2% relative to that achieved with reactors operated at high
pressures.

The differences in pressures between the power cycle and the primary system require appropriate
design features to ensure that no overpressurization of the reactor occurs. These include (1) use of an
intermediate salt heat transfer loop, (2) minimization of the helium inventory in the power cycle,

(3) pressure relief valves for small leaks, and (4) burst relief valves for large leaks.
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7.3 HYDROGEN PRODUCTION

The world uses 50 million tons of H, per year, >** primarily for fertilizer production and the
conversion of lower-grade crude oil into transport fuels. The demand is growing rapidly. Many oil
refineries, other H, users, and merchant H, plants are now connected by pipelines. The projected market
for traditional H, applications is sufficient to support the development of nuclear methods to produce Ho.
Furthermore, large-scale R&D efforts are under way to develop H, fueled vehicles. The energy required
to produce a sufficient amount of H, for transportation purposes would be approximately equivalent to
that used currently to produce electricity.

The largest H, plants that are under construction” have capacities of 200 million standard cubic feet
per day and operate on natural gas. Hydrogen can be produced from water and high-temperature heat (see
below). A 1600-MW(t) reactor would be required to produce the energy to manufacture 200 million
standard cubic feet per day—assuming 50% efficient conversion of thermal energy to H,. By the time the
AHTR could be deployed, its proposed size [2000+ MW(t)] will match the production capacity
requirements of a conventional H, plant.

There are several methods currently being considered to produce emission-free hydrogen from
nuclear energy. The primary candidates™*® are thermochemical cycles and electrolysis, including high-
temperature electrolysis. The thermochemical production of H, involves a series of chemical reactions
with the net result of heat plus water yields H, and oxygen. The incentive for thermochemical production
of H; is that the potential economics of scaling may be significantly better than those for electrolysis of
water with electricity. The Japanese estimates™ are that the cost of nuclear thermochemical H, production
could be as low as 60% of that for nuclear H, production by the electrolysis of water. At the most
fundamental level, thermochemical H, production involves conversion of thermal energy to chemical
energy (H,) while electrolysis involves conversion of thermal energy to electricity and subsequent
conversion of electricity to chemical energy. The additional conversion step adds cost and introduces
additional inefficiencies. Efficient H, production places severe requirements on the reactor, which the
AHTR is designed to meet.

Many types of thermochemical processes for H, production exist.” All of the competitive processes
require heat input at temperatures above 750°C. The sulfuric acid processes (sulfur-iodine and
Westinghouse hybrid) are the leading candidates. In each of these processes, the high-temperature, low-
pressure endothermic (heat-absorbing) reaction is the catalytic thermal decomposition of sulfuric acid to
produce oxygen:

H2804 —> Hzo + SOz +% 02 .
Based on current technology, temperatures in the range of 800 to 1000°C are needed to drive the
sulfuric acid decomposition reaction sufficiently to completion for efficient H, production. (There is

research under way that may lower these temperatures to 700°C). After oxygen separation, additional
chemical reactions are required to produce H, and recycle all of the chemical reagents.

The sulfur-iodine process for thermochemical H, generation has two additional chemical reactions:
I, + SO, + 2H,0 — 2HI + H,SO0,4 (~120°C)

and the H,-producing step

2HI —> H, + I, (~450°C) .

The hybrid sulfur process (also known as Westinghouse GA-22 and Ispra Mark 11) has a single
electrochemical step that completes the cycle:
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SO,(aq) + 2H,0(1) — H,SO4(aq) + Hx(g) (Electrolysis: 80°C)

The design of the interface between the reactor system and the H, plant is significantly different from
that for heat transfer to the high-pressure helium power conversion system. For the H, plant, the heat is
transferred to a chemical reactor for the disassociation of H,SO,. The high-temperature step is an
equilibrium process. Low pressures and high temperatures yield dissociation products, while high
pressures and low temperatures favor formation of H,SOy; thus, the chemical reactor must operate at high
temperatures and relatively low pressure. Chemical dissociation is a near-constant-temperature process
that requires that heat be supplied at a near-constant temperature. Because large quantities of lower-
temperature heat are not useful for H, production, the use of liquid-cooled reactors, rather than gas-cooled
reactors, is favored. If the heat is needed at 750°C, the maximum temperature of the molten salt may be as
low as 800°C. In contrast, if a gas coolant is used to provide the heat to the sulfuric acid dissociation step,
the maximum temperature of the coolant may exceed 1000°C to limit costs of pumping the gas coolant
through the reactor and chemical plant. Considerations involving process, safety (potential release of
hazardous chemicals in the H, production system), and materials (reduced strength of materials at high
temperatures) all indicate that an optimized chemical reactor (heat transfer equipment) should operate at
relatively low pressures and at temperatures only slightly above those needed for the chemical reactions.
These high-temperature and low-pressure requirements match the AHTR capabilities.

The production of H, requires isolation of the reactor from the chemical plant, probably using an
intermediate heat transfer loop between the primary reactor coolant and the thermochemical cycle.
Efficient heat transfer is required in this intermediate loop to minimize temperature loses and pumping
power requirements. The high heat transfer and low pressures characteristics of the molten salts are
among the best coolant choices to meet these requirements.

Another candidate for H, production from nuclear energy is high-temperature electrolysis (up to
~900°C). In this process,””®' thermal energy is used to produce high-temperature steam. Electrolysis of
the steam yields H, and oxygen. High-temperature heat significantly reduces the quantities of the more
expensive electricity required for electrolysis by providing high-temperature steam and additional heat
directly to the electrolytic cells. Equally important, the high temperatures may result in better chemical
kinetics within the electrolyzer, which reduces (1) equipment size and (2) inefficiencies. The reactor
requirements for delivery of heat (temperature, pressure, isolation) are similar to those of the above-
described thermochemical cycles. The currently projected costs for high-temperature electrolysis are
higher than those for other methods of H, production, but future research may result in significant
improvements.
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8. ECONOMICS

8.1 COMPARISON-BASED CAPITAL COST ESTIMATE

The potential cost of the AHTR is estimated based upon cost information for the S-PRISM® and the
GT-MHR.®” The reference AHTR design produces 2400 MW(t) from a reactor vessel with the same
diameter as the 1000 MW(t) S-PRISM and slightly larger diameter than the 600 MW(t) GT-MHR.

This economic study considered two variations of the AHTR—an AHTR-IT version with a core
outlet temperature of 800°C and an electrical power output of 1145 MW(e), and an AHTR—VT version
with an outlet temperature of 1000°C and an electrical power output of 1300 MW(e). Table 8.1
summarizes the results of the cost analysis, showing the relative cost of the AHTR compared with the
S-PRISM and GT-MHR.

From the perspective of an economist, the potential for improved economics is an expected
consequence of the economy of scale. The AHTR electrical output is approximately four times that of the
other reactors but with similar physical size and complexity. The potential for improved economics
compared with LWRs, for a plant of the same size, is a consequence of higher efficiencies, higher power
cycle power density, a low-pressure containment, and the complete elimination of active safety
equipment.

Table 8.2 provides key parameters for the AHTR-VT, AHTR-IT, S-PRISM, and GT-MHR reactors
used here as the basis for cost scaling assumptions. There are two major assumptions and a number of
additional assumptions used in the cost comparisons that are summarized in the following sections.
Detailed comparisons at a subsystem level are given in Table 8.3.

Table 8.1. Comparison of the estimated overnight capital cost (2002 §) of the AHTR-IT
and AHTR-VT, as a percentage of the costs of the S-PRISM* and GT-MHR®
[with 1145 MW(e) output]

S-PRISM GT-MHR
1681 $/kWh(e) 1528 $/kWh(e)

AHTR-IT 930 $/kWh(e) 55% 61%
AHTR-VT 816 $/kWh(e) 49% 53%

8.2 CAPITAL COST ASSUMPTIONS

There are two major assumptions used in the cost analysis:

1. Reactor vessel and building: The 2400 MW(t) AHTR reactor building and vessel are assumed to
have the same size as a single S-PRISM reactor vessel and building. The most important assumption
for this cost estimate is that an AHTR can produce 2400 MW(t) with an S-PRISM size vessel and
building, and deliver it to heat helium to temperatures between 750 and 900°C.

2. High-temperature, compact heat exchangers: It is assumed that compact, high-temperature, plate-
type salt-to-salt and salt-to-helium heat exchangers will be developed by the NGNP project. For an
NGNP with helium primary coolant, helium-to-salt intermediate heat exchanger will be developed
at engineering scale only if salt is selected as the NGNP intermediate coolant. As shown in Table
8.2, these plate heat exchangers have much higher power density than the coiled tube heat
exchangers in the S-PRISM. For the AHTR-IT, these compact heat exchangers are assumed to be
fabricated from metal with a design similar to that of the Heatric heat exchanger or the proprietary
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100% welded GT-MHR recuperator heat exchanger design. Table 7.2 shows the power density for
the GT-MHR recuperator for helium-to-helium use; its design based on thin plates may have better
thermal shock resistance than the Heatric heat exchanger. For the AHTR—VT, a silicon-melt
infiltrated, reaction-bonded composite plate heat exchanger has been assumed.* Because the power
density of the AHTR heat exchangers is much higher than the power density of the S-PRISM steam
generator, and hence they are expected to be much smaller and cheaper, the cost of the S-PRISM

steam generator is not included in the AHTR cost estimate.

Table 8.2. Comparison of parameters for AHTR-VT, AHRT-IT, S-PRISM, and GT-MHR

Very high-
temperature
AHTR-VT

Intermediate
temperature
AHTR-IT

S-PRISM

GT-MHR

Thermal power

Electrical power

Number of PCUs

PCU working fluid

Primary maximum temperature

Intermediate maximum
temperature

Intermediate minimum temperature
Intermediate flow rate

Turbine inlet temperature
Compressor inlet temperature

PCU pressure

IHX power density [m*/MW(t)]

Heaters/steam
generator/recuperator power
density

Overall cycle efficiency

PCU power density

In addition, the following assumptions are applied in the cost analysis:
S-PRISM blocks cost scaling. S-PRISM scaling exponents relative to the number of advanced

2400 MW(t)
1300 MW(e)
3
Helium
1000°C
920°C

860°C
8.9 m’/s
900°C
35°C
10 MPa
120 MW(t)/m’

100 MW(t)/m’
(heater)

0.54

360
kWh(e)/m’

2400 MW(t)
1145 MW(e)
3
Helium
800°C
770°C

715°C
9.7 m’/s
750°C
35°C
10 MPa
45 MW(t)/m’
82 MW(t)/m’
(heater)

0.48
305 kWh(e)/m’

1000 MW(t)
380 MW(e)
N/A
Steam
510°C
485°C

325°C
6.3 m’/s
462°C
N/A
N/A
4 MW(t)/m’
3 MW(t)/m’
(steam gen.)

0.38
N/A

600 MW(t)
286 MW(e)
1
Helium
850°C
N/A

N/A
N/A
848°C
26.4°C
7.24 MPa
N/A
43 MW(t)/m’
(recuperator)

0.48

230
kWh(e)/m’

liquid-metal-cooled reactor blocks, varying from 1 to 3, were derived from GEFR-00940 1994

Capital and Busbar Cost Estimates. These derived scaling exponents were applied in calculating
costs of single modules and components, based on the four-block costs. For reactor equipment, the
derived scaling exponent is 0.86. The S-PRISM cost is taken from Ref. 62, which gives an estimate
for a two-block, four-reactor plant.
Nth of a kind. The costs given in Table 8.3 are Nth of a kind, as opposed to first of a kind.

3. Comparability of costs. It is assumed that similar cost estimating guidelines were used by GE and
by GA for the S-PRISM and GT-MHR cost estimates, from which the AHTR cost estimate is
derived.
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Table 8.3. Detailed results for AHTR comparative cost estimate

Block
Isélzgls;_\g scaling S'gllzzil\fw‘(’)“e Estimated ~ S-PRISM  GT-910720/1 ﬁgf;};& ﬁ?gﬁ;:%
two blocks expo_nents reactors 1000 cost factors 2 1/2 block target costs [1145 [1300 )
1000 MW(t) derived MW(t) per to 1 reactors one reactor 4 x 600 MW(t) MW(o)] MW(e)] Cost basis
per reactor from a reactor indirect 1n same 2400 [11.45 MW(e)] indirect indirect
indirect cycle ALMR cycle block MW®© direct cycle cycle cycle
1-3 blocks

Number of reactor vessels 4 vessels 2 vessels 1 vessel 4 vessels 1 vessel 1 vessel
Scaled thermal output 4,000 2,000 2,400 2,400 2,400 2,400
(MW(1)]
Electrical output [MW(e)] 1,520 760 380 1,145 1,145 1,300
Description 1996 K$ 1996 K$ 1996 K$ 1994 K$ 1996 K$ 1996 K$
Land 0 0 2,000 0 0 S-PRISM
Structures and improvements 232,000 0.82 131,166 0.65 85,058 149,000 85,058 85,058 S-PRISM
Reactor plant equipment 900,000 0.86 497,025 0.66 328,761 353,000 328,761 328,761 S-PRISM
Turbine plant equipment 236,500 0.99 118,674 1.20 142,408 211,000 155,177 150,081 GT
Electric plant equipment 128,000 0.85 70,981 1.20 85,178 65,000 47,803 46,233 GT
Miscellaneous plant 39,000 0.51 27,464 0.80 21,971 31,000 32,291 32,291 GT
equipment
Main heat rejection system 38,500 0.88 20,976 1.00 20,976 35,000 28,479 32,464 GT
Special materials 20,000 1.0 10,000 1.00 10,000 10,000 10,000 S-PRISM

Total direct cost 1,594,000 876,286 694,353 864,000 687,570 684,388
Construction services 138,000 0.71 84,365 66,849 107,000 66,196 65,938 S-PRISM %
Home office engineering and 69,000 0.34 54,383 43,092 68,000 42,671 42,505 S-PRISM %
services
Field office engineering and 79,000 0.71 48,402 38,353 52,000 37,978 37,830 S-PRISM %
services
Owner’s cost 290,000 0.83 163,017 129,171 150,000 127,090 127,411 S-PRISM %

Total direct cost 576,000 350,167 277,466 377,000 274,755 273,683
Base construction cost 2,170,000 1,226,452 971,818 1,223,000 962,325 958,571
Contingency 0 0 0 295,000 0 0 S-PRISM %
Overnight cost 2,170,000 1,226,452 971,818 1,518,000 962.325 958.57
Electrical power [MW(e)] 1,520 1,145 760 380 1,145 1,145 1,300 GT
$/kWh(e), overnight 1,428 1,614 2,557 1,326 840 737
2002_$kWh(e), overnight 1,580 1,681 1,786 N/A 1,528 930 816
Relative_$kWh(e), overnight 0.94 1.00 1.06 N/A 0.91 0.55 0.49

[relative to 1145 MW(e)
S-PRISM]

*ALMR = advanced liquid-metal reactor.




10.

11.

12.

13.

Reactor building. The cost for a single S-PRISM reactor building is estimated from the cost of the
reactor building for a two-reactor module using a cost scaling of (0.5)"** = 0.57. The two-unit
S-PRISM building has some shared equipment, which would suggest a somewhat larger scaling
factor. Conversely, the AHTR does not have a pressurization source comparable to the sodium/air
chemical reaction that the S-PRISM reactor building is designed to contain, so the design pressure
of the AHTR building is lower than that of the S-PRISM, suggesting a somewhat lower scaling
factor. The value that was selected was, therefore, considered a reasonable compromise.

Reactor vessel. The higher density of molten salt creates larger hydrostatic loads than sodium.
While the AHTR will have smaller loads from reactor internals, because the fuel will be close to
neutrally buoyant, it is anticipated that the AHTR will still require a thicker vessel. Thus the cost of
the AHTR vessel cost is assumed to be equal to the cost of two S-PRISM vessels to account for a
10-cm-thick wall vs the 5-cm-thick S-PRISM vessel.

Reactor internals and control rod drives. The AHTR and S-PRISM vessels have the same
diameter, so the reactor internals for the AHTR are assumed to have the same cost as the internals
for a single S-PRISM vessel. Because the AHTR core is larger than the S-PRISM core, it is
assumed that the cost of the AHTR control rod drives cost is double the cost for an S-PRISM
reactor.

Primary and intermediate heat transport systems. The cost of the primary pumping and ducting
systems, intermediate heat exchangers, and intermediate loop piping is assumed to scale with
thermal power from the S-PRISM values by a factor of (2400/1000)"% = 2.12, using the 0.86
scaling exponent derived for S-PRISM reactor plant equipment. This estimate may be conservative
because the volumetric flow of sodium in the 1000 MW(t) S-PRISM is 6.3 m’/s, compared with
only 8.9 m’/s in the 2400 MW(t) AHTR because of salt’s much higher volumetric thermal capacity,
and the AHTR heat exchangers have much higher power density than those of the S-PRISM
intermediate heat exchanger.

Backup heat removal system. The cost of the decay-heat removal system (reactor-cavity cooling
system and variations) is assumed to scale with thermal power from the S-PRISM values by a factor
of (2400/1000)"%¢ = 2.12.

Steam generators. The AHTR has no steam generators, so the S-PRISM cost for steam generators
is set to zero. The AHTR intermediate loop transfers energy to heaters inside the PCUs that are
included in the PCU cost estimate. These heaters will be either metal, with a welded design like that
of the current GT-MHR Russian-designed recuperators (AHTR-IT), or compact LSI composite
plate heat exchangers (AHTR-VT), and will have much smaller size and much less complexity than
sodium-to-boiling-water steam generators (see Table 8.2 for power density comparison).

Salt makeup and chemistry control system. These are required and are assumed to be 75% of the
cost of similar systems for a two-reactor S-PRISM module.

Turbine building. The turbine building for the AHTR will be much more compact than a steam-
cycle turbine building. Here the AHTR turbine building cost is assumed to be 50% of the cost of the
2000 MW(t) S-PRISM turbine building.

Other structures. All other miscellaneous structures are assumed to have the same cost as those for
a two-reactor S-PRISM module, except the control room and maintenance building, which have a
0.75 scaled cost.

Power conversion system. The cost of the AHTR power conversion system is scaled based on PCU
power densities from detailed UCB design studies shown in Table 8.2, from the cost of a set of GT—
MHR PCUs capable of producing 1145 MW(e), using a scaling exponent of 0.86. The PCU costs
are scaled further by a factor of 0.9 to account for the fact that they are not nuclear-grade equipment
in the AHTR. The costs of the electrical plant and the heat rejection equipment are scaled with
electrical power (0.86 exponent) and thermal heat rejection (also 0.86 exponent), respectively.
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15.

16.

Power conversion system cost. The costs of the power conversion system were estimated from Ref.
49. Costs are reported only at the two-digit code of account level. In addition, the turbine plant
equipment, account 23, was combined with the reactor plant equipment, account 22, as GA
contended that all this equipment was part of the reactor system. In order to estimate the portion of
these combined costs that applied to power conversion, cost partition factors were estimated by
utilizing an earlier direct cycle MHTGR document.”

Indirect costs. Indirect cost accounts 91-94 for AHTR were calculated based on the indirect cost
account percentage taken from S-PRISM and applied to the direct cost of AHTR. No discrete value
of contingency was applied to the AHTR, consistent with the S-PRISM estimate. S-PRISM indirect
cost account percentages and contingency are used since the S-PRISM is the primary benchmark for
the AHTR.

Additional cost information. There is a more recent (2002) cost of the GT-MHR, presented as a
near-term deployment option (GA-A23952). Very few cost values are presented, only total direct,
total indirect, and a combined contingency plus owner’s cost. An overnight value of 974 $/kWh(e)
is shown, which is substantially lower than the 1994 GT-MHR overnight cost of 1326 $/kWh(e)
used as the basis for this AHTR capital cost estimate. As the AHTR power conversion system is
currently ~40% of the total cost, the implied cost reduction from the more recent GT-MHR study
would result in a further reduction of the estimated AHTR cost relative to that presented in

Table 8.3.
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9. TECHNOLOGY DEVELOPMENT REQUIREMENTS

9.1 RELATIONSHIP TO OTHER PROGRAMS

The development of a new high-temperature reactor will be a major undertaking. As referenced
throughout this report, however, the AHTR shares similarities and features with several other reactor
designs. Because the fuel, molten-salt coolant, decay-heat removal systems, plant layout, and power-
conversion technologies have been partly or fully developed as part of these other reactor concepts, the
major AHTR R&D needs are greatly reduced to a few key areas. In particular, further development of an
AHTR design can draw heavily on recent or ongoing activities in the following related programs:

e GT-MHR and helium-cooled VHTR. The AHTR R&D needs are strongly dependent on the
development of the GT-MHR since they share the same fuel, moderator, and helium gas-turbine
technology. This includes the domestic GT-MHR design being proposed for NGNP and the
design being investigated by Russia for the disposition of weapons-grade plutonium. For the
same reasons, the AHTR will share several development needs with the Generation IV VHTR
development program independent of whether the VHTR has a prismatic or pebble core design.

e Sodium fast reactor. Sodium-cooled fast reactors are low-pressure, high-temperature reactors.
Because these characteristics are similar to the AHTR, the AHTR plant design shares many
features with this class of reactors, and specifically the General Electric S-PRISM, for which a
considerable R&D investment has already been expended. These features include overall facility
design and decay heat removal systems.

o Nuclear hydrogen production. Nuclear hydrogen production requires transfer of large quantities
of heat from the VHTR to the thermochemical or high-temperature electrolysis hydrogen
production plant. Regardless of the primary coolant, molten salt is an attractive candidate for
transport of heat in the intermediate heat transport loop. The development of a heat transport
system will require development of related molten salt technology, including materials, heat
exchangers, pumps, and valves.

e |Lead-cooled fast reactor and accelerator transmutation of wastes. The AHTR requires higher-
temperature refueling and maintenance operations compared with sodium-cooled reactors to
avoid freezing of the salt. The refueling temperatures are closer to those required for lead-cooled
reactors and accelerator-based machines to destroy nuclear wastes. Russian experience with lead-
cooled reactors and the large European program examining lead-cooled accelerator-driven
systems must address the same refueling and maintenance issues as will the AHTR.

e Fusion. Molten salts are a leading candidate for cooling the first wall of fusion energy machines.
Hence there are similar technological development requirements for this program.

Because of these relationships, some components of the AHTR are already at a commercial stage of
development while others are very early in development.

9.2 DEVELOPMENT STRATEGY

The development of the AHTR requires three overlapping steps leading to a full scale demonstration
plant or first-of-a-kind plant: concept development and evaluation, research and development, and
integrated demonstration test. These are described in more detail below in thecontext of AHTR
deployment.
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9.2.1

Concept Development and Evaluation

Concept development and evaluation requires the establishment of a “point” design with sufficient
detail to understand key performance features and uncertainties, technical viability, and testing
requirements. Also, a detailed economic analysis should be performed to assess commercial viability.
The effort described in this report was an initial step toward achieving a point design, but significant
additional work is needed. Detailed system designs must be developed, possibly with supporting
experimental work, to understand the trade-offs between high-temperature performance, reliability, and
various design choices (molten salt composition, core power density, etc.). Key items needing further
development and evaluation are the following.

Salt selection. Selection of a coolant salt is critical to moving forward with an AHTR design since
the salt choice dictates many other design features such as: operational temperature limits (upper
and lower), core design, structural material options, salt chemistry and cleanup systems, and
balance of plant dose levels.

Structural material selection. The AHTR requires high-temperature corrosion resistant materials.
Materials are the greatest challenge for all high-temperature reactors, including the AHTR.
Materials have been identified that allow operation with molten salts to 750°C (Hastelloy-N).
New nickel superalloys (e.g., Hastelloy-X) possess adequate strength at higher temperatures, but
tests to confirm compatibility with molten fluorides will be required. Operating temperatures
much above 800°C will require improved materials of construction. The excellent chemical
compatibility of carbon with molten salts creates new materials options, but these will need to be
evaluated for nuclear applications.

Power level. Preliminary analyses indicate that 2400 MW(t) is an achievable power level for an
AHTR while maintaining the capability for passive safety. Additional evaluations are needed to
establish the optimum power level for the AHTR considering core size, passive safety, and size of
the reactor vessel. Because the economics are strongly tied to the reactor size, and the reactor size
is tied to the passive decay heat cooling system, detailed design and heat transfer optimizations
are needed to maximize the potential for passive safety performance.

Nuclear design. Preliminary core nuclear analysis has been performed to establish conceptual
core sizing and enrichments; however, only a very limited number of design options using
relatively homogenous core designs have been examined under a limited set of conditions.
Additional studies of performance, the fuel cycle, and alternative core designs are required to
understand the reactor core options for the AHTR. For example, heterogeneous core options have
not been examined but may offer superior performance, especially regarding the coolant void
coefficient. The optimum power density needs to be evaluated since it impacts core size, fuel
lifetime, core transient behavior, etc.

Thermal hydraulic design. The preliminary core thermal hydraulic design reported here needs to
be continued using multidimensional methods to establish the heat removal capability and coolant
pump sizing for the target power level and for assessing the reactor’s performance in anticipated
transients.

Beyond-design-basis-accident analyses. Because of passive safety features, the designers of the
modular HTGR make the case for a 600 MW(t) reactor that one can walk away from the reactor
in an accident without serious offsite consequences. The same safety case should exist for the
AHTR even at the higher power rating. System modeling and analyses are needed to demonstrate
the potential for the AHTR to meet the passive safety criteria for the target power level. The
AHTR case will involve natural circulation of coolant and conduction/radiation heat transfer to
the environment.
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9.2.2

Power conversion cycle. Preliminary work on the power conversion cycle has been completed,
but a detailed evaluation of alternative designs is required. Included within the power cycle
activities are the associated heat exchangers and related system components.

Concept design description. Evaluation of the AHTR will require preparation of concept-level
drawings including:
= flow diagrams to illustrate the reactor system processes and parameters;

= overall reactor and plant arrangement for hydrogen productions including the intermediate
heat exchanger for transfer of the high-temperature heat from the reactor to an intermediate
loop for transport to the hydrogen plant;

» reactor vessel and internals arrangement illustrating the location and support of the primary
in-vessel components, including the core, core support, control rods, control rod drives,
coolant circulators, and thermal blanket system.

= proposed refueling approach and concept for storage of spent fuel; and
= design descriptions of the primary coolant pumps, motors and siphon breaks.

Research and Development

Technical viability requires understanding of basic phenomenology (material behavior under
irradiation, salt-graphite interactions, etc.) and development of key technologies so that an integrated
demonstration test can be constructed with high confidence of success. This requires a variety of analysis
studies, laboratory research, and supporting experimental test facilities. Some of the R&D requirements
that have been identified include

experimental study of thermo-mechanical properties of metallic alloys in molten salt
environments such as creep and embrittlement;

measurement of corrosion rates of candidate structural materials in hot primary and secondary
salts;

study of long-term compatibility of salts with C/C composites and melt-infiltrated composites;

development and demonstration of techniques for tritium capture and fission product clean-up in
molten salts;

experimental verification of molten salt thermal properties;

evaluation of chemical reactions of molten salts with water/steam and process chemicals for
hydrogen production;

development and demonstration of monitoring and diagnostic instruments for high ambient
temperatures;

study of heat transfer data at high temperatures where radiative transfer dominates; and

development of compact, high-efficiency heat exchangers for salt-to-salt and salt-to-gas heat
transfer.

Several test facilities will be needed to develop the science and technology base for an AHTR, while
other test facilities will be needed for engineering tests. Many of these facilities will also be required for
the development of a gas-cooled VHTR. Except for the reactor test loop, all of these facilities are non-
nuclear facilities. A partial list of these facilities is included below. The facilities are identified as
supporting either research or engineering.
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e Materials test loops (research). These are high-temperature materials corrosion test loops to help
researchers understand and validate corrosion mechanisms of different materials of construction
under expected operating conditions.

e Molten salt purification and chemistry control (research). Molten salt coolant will require
cleanup systems to remove impurities from the salt and to control the salt chemistry. A facility to
enable researchers to understand, develop, demonstrate, and test alternative cleanup and coolant
chemistry control systems is required to ensure effective control of salt chemistry.

o RVACS/DRACS test loop (research). RVACS and DRACS decay heat removal systems have been
developed and tested for sodium-cooled fast reactors. However, the AHTR RVACS/DRACS will
operate at significantly higher temperatures. Test loops are required to provide integrated
experimental data to qualify design codes for higher temperatures.

o Valve and pump test loops (research). The reactor primary coolant system and power conversion
system will require valves and pumps to operate at very high temperatures. A test facility is
required to test small components, including siphon breaks. In the development of the molten salt
reactor, there were two types of test facilities to consider—Ilarge facilities for large-scale tests
using water or other fluids for hydraulic testing, and smaller facilities to test salt-lubricated
bearings, valves, and other components that operate in the molten salt environment. Commercial
facilities are available for large-scale hydraulic testing, and some laboratory facilities exist for the
small-scale component testing.

e Thermal blanket system test facility (engineering). The AHTR requires a thermal blanket system
to insulate the reactor vessel from the elevated core and coolant salt. Appropriate high-
temperature tests for a variety of transient conditions are required to test alternative insulation
system capabilities.

e Inspection, refueling, and maintenance test facility (engineering). Reactor inspection,
maintenance, and refueling operations will occur at high temperatures relative to sodium-cooled
reactors. At the same time, molten salts are transparent and allow for the use of optical systems.
There has been limited experience with lead-cooled reactors in the chemical industry at these
temperatures. A facility is required to develop the technology and test designs for these
operations.

o Fuel test facility (engineering). This is a flow loop in a test reactor to test fuel under realistic
operating and transient conditions.

e Heat exchanger test facility (engineering). The high-temperature heat exchangers are beyond the
normal temperature range of industrial experience. Testing of heat exchangers that are smaller
(but with prototypic design) will be required. Such testing is to confirm both performance and
behavior under transient conditions. It is noted that the radiation heat transfer in these heat
exchangers will become a significant factor, something that is generally not important at lower
temperatures.

9.2.3 Integrated Demonstration Test

Ultimately, the development of the AHTR will require a test reactor to integrate and test the entire
system. Important system tests include startup, shutdown, refueling, maintenance, and various transients
that a power reactor is expected to experience. The test reactor will also be used to test design margins
and performance beyond the normal operating range, something that cannot be done with a commercial
reactor. Although a study has not been conducted yet to determine the optimum size of a test reactor, the
likely range of size is between 50 and 200 MW(t). The reactor must be able to provide at a minimum
50 MW(t) to a thermochemical hydrogen production pilot plant. The reactor must be of sufficient size to
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require a suitably sized Brayton power cycle to realistically test system behavior under all expected
transient conditions that will be found in a commercial reactor. This includes power transients such as
loss of electrical load (grid failure). This is especially important for very high-temperature systems,
because control under transient operations is critical in order to avoid thermal spikes that may damage
equipment.

9.3 ECONOMIC EVALUATION

The economics of the AHTR are dependent upon dramatically reducing the plant size by using the
higher temperature to improve efficiency and the lower pressure to reduce plant size. The preliminary
economic assessment based on comparisons with similar reactor concepts indicates potentially excellent
economics. A more detailed “bottoms up” cost analysis based on components and systems that are
specific to the AHTR will be required when a complete preconceptual plant design exists.

9.4 UNIVERSITY AND INDUSTRY PARTICIPATION

A broad collaboration of universities, national laboratories, and industry is needed to fully develop
and mature the AHTR design. University and laboratory involvement is essential to support the R&D
needs of the concept and to conduct fundamental tests of material and system performance. Initial
contacts have been made with several national universities, including the University of Tennessee, Ohio
State University, Purdue University, the University of Wisconsin, and Oregon State University, in
addition to UCB. Additional universities need to be contacted, and specific roles for those who wish to
participate need to be negotiated.

Nuclear industry participation early in the development is a requirement to address the many
engineering aspects of the design, and to provide a long-term path forward. Interest in the AHTR has
already been expressed by two reactor vendors, and these need to be pursued. Also, international interest
in the AHTR, and molten salt (fueled) reactors in general, has been expressed by France and other
countries. Collaborations should be pursued through the Generation IV International Forum to leverage
the investments of these other countries.
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10. CONCLUSIONS

As a new member to the family of high-temperature reactors, the AHTR is defined by two
characteristics: (1) a high-temperature fuel and (2) a low-pressure liquid coolant. Our studies indicate that
a reactor with these characteristics has the potential for significantly improved economics for the
production of electricity and hydrogen while meeting the top-level functional requirements of the NGNP
project. Because heat is delivered at temperatures and pressures that match process requirements, the
reactor may have unique potential for the thermochemical production of H,. As with all new reactor
concepts, there are major uncertainties (materials, performance, engineering, etc.) and many alternative
design possibilities. Significant work will be required before the characteristics of and potential for the
AHTR can be realized.
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