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ABSTRACT

The conceptual design of an annular-fueled superheat boiling water reactor (ASBWR) is
outlined. The proposed design, ASBWR, combines the boiler and superheater regions
into one fuel assembly. This ensures good neutron moderation throughout the reactor core.
A single fuel design is used in the core. Each annular fuel element, or fuel tube, is cooled
externally by boiling water and internally by steam. Fuel pellets are made of low
enrichment UQO,, somewhat higher than the traditional BWR fuel enrichment. T91 and
Inconel 718 are selected as candidates for the cladding material in view of their excellent
physical properties and corrosion resistance. The fuel-cladding gap is filled with
pressurized helium gas, like the existing lighter water reactor fuels. The ASBWR fuel
assembly contains sixty annular fuel elements and one square water rod (occupying a
space of four fuel elements) in an 8 by 8 square array. Annular separators and steam
dryers are utilized and located above the core in the reactor vessel. Reactor internal
pumps are used to adjust the core flow rate. Cruciform control rods are used to control the
reactivity of the core, but more of them may be needed than a traditional BWR in view of
the harder spectrum.

The major design constraints have been identified and evaluated in this work. The
ASBWR is found promising to achieve a power density of 50 kW/L and meet all the main
safety requirements. This includes a limit on the minimum critical heat flux ratio,
maximum fuel and cladding operating temperatures, and appropriate stability margin
against density wave oscillations.

At the expected superheated steam of 520 °C, the plant efficiency is above 40%, which is
substantially greater than the efficiency of 33 to 35% that today’s generation of LWRs
can achieve. In addition to generating electricity, the ASBWR may also be useful for
liquid fuel production or other applications that require high temperature superheated
steam. .

The uncertainties about this design include the performance of cladding materials under
irradiation, the attainment of desirable heat transfer ratio between the external and



internal coolant channels throughout the fuel cycle, and the response to the traditional
transients prescribed as design basis events.
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Chapter 1

Introduction

This work is focused on development of a conceptual design of a medium-sized nuclear
reactor which can generate superheated steam. More specifically, the proposed design is
a light water cooled, light water moderated nuclear reactor which utilizes annular fuels to
vaporize water and superheat steam in the reactor vessel. Motivation, background, and
objectives of this work are introduced in this chapter.

1.1 Motivation

Superheat, as one of the steam cycle features, has been used in power plants for several
decades. Superheating of steam, i.c., raising the steam above its saturation temperature
at a given pressure, is desirable for several reasons [1]. First, superheating of steam
improves turbine performance. The life time of a steam turbine is limited by water
droplet formation. As the water condenses, water droplets hit the turbine blades at a
very high speed causing pitting and erosion, gradually decreasing the life of turbine
blades. Superheating of steam avoids excessive wetness at the low-pressure end of the
turbine, thus improving the turbine lifetime. Figure 1-1 is a typical temperature-entropy
diagram (T-s diagram) of the steam cycle. As shown in Figure 1-1, state 3 of a
non-ideal Rankine cycle is just above the two-phase region, so after expansion (state 3 to
4) the steam will be very wet. By superheating, state 3 will move to 3° and hence

produce a much dryer steam after expansion.

Secondly, superheating of steam gives a considerable increase in the thermodynamic
efficiency of the whole cycle, by increasing the proportion of “usable” heat to the total
heat supplied to the steam. Figure 1-1 shows the additional usable heat in a superheat
cycle. Significant impact on economy is expected, since higher plant efficiency would
substantially reduce the cost of generating electricity and make nuclear power plants

more competitive with alternative power plants.
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Figure 1-1 A non-ideal Rankine cycle with superheat

Furthermore, superheating steam to an elevated temperature level may diversify its
application. In addition to generating electricity, superheated steam could potentially be
used for liquid fuel production. A feasible application, for example, is to use the
alkaline electrolysis process or the high-temperature electrolysis (HTE) to convert water
into hydrogen [2][3]. If carbon dioxide (CO,) is available, HTE can convert a
steam-CQO, mixture into syngas, which is a gas that contains varying amounts of carbon
monoxide (CO) and hydrogen (H»), by simultaneously electrolyzing steam and CO, [4].
With syngas as the input, liquid fuels would be produced by the classical Fischer-Tropsch
(FT) process. The FT process can produce liquid fuels, such as JP-8, or a variety of
liquid hydrocarbons.

Although the cost of electricity generation from today’s commercial light water reactors

is already in the realm of being competitive with that from fossil fuels, it is reasonable to
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believe that the cost could be further reduced through nuclear superheat. In addition,
superheat may benefit nuclear power plants in many other ways. If nuclear reactors can
produce superheated steam at high pressures, the enhanced plant efficiency will be
comparable with that of the most efficient fossil fuel-fired stations. The enhanced plant
efficiency may also enable improvements in uranium utilization; reduction in waste

production, and a potential saving in the capital cost.

The combination of a nuclear reactor, a steam producing boiler, and a superheater was an
objective of power reactor designers from 1950s to 1970. However, a satisfactory
means of producing steam and superheating it within a nuclear system to the temperatures
desired for modern power plants has not been achieved. At the present state, there are
still a number of problems that must be solved before economically competitive power
with nuclear superheat may become a reality. Moreover, it is important to confirm that
the advantages gained in higher thermal efficiency must not be lost through depreciating
factors, such as lower allowable power density in the superheating region of the reactor or

excessively higher superheater fuel fabrication costs.

In this work, an innovative conceptual design of an annular-fueled superheat boiling
water reactor is proposed and explored. It is expected that the proposed design will be
one of the most promising approaches to realize the nuclear superheat concept in terms of

safety, technical feasibility and economic viability.

1.2 Background

1.2.1 The Early Program in the United States

In 1955, the United States Atomic Energy Commission (USAEC), which was the
predecessor of the Nuclear Regulatory Commission (NRC) and the Department of Energy
(DOE), initiated a Power Demonstration Reactor Program (PDRP) to invite private utility
companies to own, build, and operate prototype power reactors [5]. The objective of

this power demonstration program was to generate basic design and engineering
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information that would allow the design concept to be scaled to larger, more commercial

sizes [1].

Under the auspices of the PDRP, several superheat nuclear reactors were built and
operated [6~8]. All these prototype reactors were small and had low power level since
they were intended to provide a demonstration of the concept. Reactors which had been
constructed in the PDRP were: (a) Boiling Water Experimental Reactor V (BORAX-V),
by Argonne National Laboratory (ANL), in Idaho [9]; (b) Pathfinder reactor, by
Allis-Chalmers Manufacturing Co. (A-C), in South Dakota [10]; (c) Boiling Nuclear
Superheater (BONUS), by General Nuclear Engineering Corp. (GNEC), which was a
subsidiary of Combustion Engineering (CE), in Puerto Rico [11-12]; and (d) Vallecitos
experimental superheat reactor (VESR), by General Electric Co. (GE) and the Empire
States Atomic Development Associates (ESADA), in California [13]. Detailed
information about these prototype reactors is provided in Chapter 2 and Appendix A.

In addition to these construction projects, the USAEC had also awarded contracts to a
number of companies within the United States for research leading to the development of
superheat and steam-cooled reactor concepts [14~15].

1.2.2 Research Activities in Other Countries

Between 1950s ~ 1960s, nuclear superheat was one of the most prominent research topfcs
in the area of nuclear technology. Not only in the United States, a considerable number
of studies were also undertaken in other countries, such as the Union of Soviet Socialist
Republics (USSR), Germany and Sweden [16]. In 1964, a special session was held for
the subject of nuclear superheat at the Third International Conference on the Peaceful

Uses of Atomic Energy in Geneva.

In Germany, the first studies on nuclear superheat were made in 1960. In 1961, the
German Federal Ministry of Scientific Research initiated a three-year development
program which included the selection of the reactor type, the necessary studies and
experiments and the preparation of a detailed layout of a prototype reactor. As a product
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of this three-year program, a natural circulation, annular-fueled superhecat BWR was
proposed and later built [17].

In Sweden, a boiling heavy water reactor with nuclear superheat was studied and
proposed in 1962 [18]. This reactor, called the R4 Marviken heavy water reactor or the
R4 reactor, was designed and built in 1964 by the AB Atomenergi, a government
established atomic energy research organization in Sweden. The R4 reactor was cooled
and moderated by heavy water. Separation of steam from the two-phase mixture was
done by gravity in the reactor vessel. The target electric power output of the R4 reactor
was 200 MW. However, the R4 reactor was never loaded with fuel. The project was
aborted due to serious problems in 1970. The turbine hall was subsequently used for an
oil-fired power station, and the pressure vessel and containment building were

subsequently used for experiments into reactor behavior under accident conditions [19].

In 1958, the Soviet Union proposed a pressure-tube-type, graphite-moderated thermal
reactor to produce superheated steam [20~22). The Russian superheat reactor was
designed to use low enrichment uranium fuel and had two groups of fuel assemblies. In
the first group of fuel assemblies, thermal energy generated from the fuel was removed
by boiling water in the pressure tubes and was transferred to the steam separator. The
saturated steam, after leaving the separator, would then enter the second group of fuel
assemblies, where it is superheated. The alternative design of the Russian superheat
reactor was to use steam generator and separator for the saturated steam production.

However, there is no indication that such a reactor was built.

More information about these foreign superheat reactors is provided in Chapter 2 and
Appendix A.
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1.3 Objectives

The following objectives are set for this work:

1. Develop a conceptual design of an advanced boiling water reactor with annular
fuel elements, which enables the reactor to produce high temperature superheated
steam with an improved thermal efficiency. The proposed design must have
comparable or improved safety margins to that of the existing BWRs.

2. Point out the major challenges of the proposed design and provide possible

solutions to solve the problems.

3. Provide a list of future tasks for further analysis and improvements for the
proposed design.

1.4 Thesis Organization

Chapter 2 provides a comprehensive literature review of the superheat nuclear reactor
concept, including categorization of superheat nuclear reactors, comparison between
conventional and nuclear superheaters and summary of historical and conceptual
superheat reactor designs. In addition, general approaches to a design of a superheat
reactor are also provided in Chapter 2.

A detailed description of the proposed design is presented in Chapter 3. Also in Chapter
3, the proposed design is compared with the German superheat reactor and with a
conventional boiling water reactor to display its distinguishing features and potential to

improve the efficiency of light water reactors.

A series of analyses have been performed to evaluate the technical feasibility and
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characteristics of the proposed design. Results of these analyses are given in various
aspects in Chapter 4 to Chapter 7.

In Chapter 4, two-dimensional neutronic analyses and estimation of fuel cycle length are
described. Steady state thermal-hydraulic analyses, including single channel analysis,
assembly subchannel analysis, and start-up and shut-down procedures, are presented in
Chapter S. A preliminary study of thermal expansion and stresses for the fresh fuel is
given in Chapter 6. Stability analysis for the proposed design is presented in Chapter 7.

Finally, a summary of conclusions and recommendations for future work is presented in

Chapter 8.
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Chapter 2

Literature Review of Superheat and Nuclear Reactors
2.1 Categorization of the Superheat Nuclear Power Plants

Figure 2-1 shows the general categorization of the superheat nuclear power plants (NPPs).
Superheating can be incorporated in nuclear power plants by the addition of either a
nuclear or fossil fuel-fired superheater. In Figure 2-1, a conventional superheater means
it is fired by fossil fuels or other non-nuclear means. Nuclear superheaters can be
further categorized into two types: (a) the separate or non-integral nuclear superheater
and (b) the integral nuclear superheater [8]. The non-integral nuclear superheater is
namely a steam-cooled reactor. It only adds superheat to steam and the steam coolant is
supplied from other sources, such as a light water reactor (LWR) or fossil power plant.
For the integral nuclear superheater, steam is generated and superheated by using the
same core.

Superheat and
Nuclear Power Plants
(NPPs)

/\

NPPs with NPPs with
Conventional Superheaters Nuclear Superheaters

OThe Elk River Reactor
OThe Carolinas - Virginia Tube Reactor (CVTR)
OThe Indian Point Unit 1

Non-integral Integral
Nuclear Superheaters Nuclear Superheaters
©The Vallecitos Experimental ©The BORAX-V reactor 1
Superheat Reactor (VESR) ©OThe Boiling Nuclear Superheater (BONUS)
QThe Pathfinder Reactor

Figure 2-1 Categorization of the superheat nuclear power plants
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Although the reactor design will be more complicated, it is believed that the integral
nuclear superheater is more cost-effective than the separate one because it needs only one

core and one reactor pressure vessel to produce superheated steam.

In addition to water, the integral nuclear superheater can also be cooled by other coolants,
such as organic fluid, helium, carbon dioxide, molten salt or liquid metal, and use a heat
exchanger to generate superheated steam. A comprehensive review of these superheat
reactor concepts has been documented in the literature [45]. However, a gas-cooled or
liquid-metal-cooled reactor is not within the scope of this work. In order to take
advantage of the abundant experience from today’s LWRs, as well as improve the LWR
technology, this work is focused on the design of an integral nuclear superheater cooled
by water and steam.

2.2 Comparison between Conventional and Nuclear Superheaters

During the 1960s, when the thermal efficiency and reliability of LWRs were still poor, a
few nuclear power plants with secondary superheating by means of fossil fuels were
constructed (i.e. Indian Point 1 in USA, Garigliano in Italy and Lingen in Germany) [23].
However, at that time the performance of the combined cycle was not good, due to low
capacity factors and material faitures [24, 25].

Nowadays, the technology of thermal power plants, both nuclear and conventional, is
much more reliable (> 90% capacity factors for LWRs and 80% for coal plants). As a
result, it is reasonable to reconsider the feasibility of combined advanced cycles that
produce vapor by means of nuclear power — taking advantage of the lower heating
costs — and superheat the secondary flow by means of fossil fuels, such as oil or gas..
Recently, economics of the combined nuclear-gas power cycle have been reevaluated [23,
26]. Results of these studies indicate that the combined nuclear-gas power cycle has
possibilities to successfully compete in the near future electric market [23].

Although a combined nuclear-fossil fuel power cycle seems promising in terms of
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economic viability, there are still some problems and issues that need to be taken into
consideration. A detailed comparison between nuclear and fossil fuel-fired superheaters
is provided below by listing the advantages and disadvantages of incorporating fossil
fuel-fired superheaters into nuclear power plants [80].

Advantages of using fossil fuel-fired superheaters are:

1. Plenty of experience. Fossil fuels have been used for a very long time. Industry is
familiar with this technology and it has satisfactory performance.

2. Less effort on plant design. Using fossil fuel-fired superheaters can save time and

effort on the plant design since a steam-cooled nuclear reactor (a separate nuclear

superheater) and a complex design of an integral nuclear superheater can be avoided.

3. No_neutronic control and operating problems. Compared with nuclear power

superheaters, fossil-fueled superheaters are relatively simple and would not have

neutronic control and operating problems.

4. Less radioactive waste. The amount of radioactive waste would be reduced if the
fossil fuel-fired superheaters are used.

5. Reduced burden on plant licensing. Using fossil fuel-fired superheaters may
expedite the plant licensing process compared with using a separate or integral
nuclear superheater.

Disadvantages of using fossil fuel-fired superheaters are:

1. Emission of carbon dioxide. Fossil fuel-fired superheaters will definitely emit CO,

and lead to the aggravation of global warming.
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2. Siting problem. Selecting an appropriate plant site will become very difficult if
fossil fuel-fired superheaters are used. For nuclear power plants, a preferable plant
site would be a sparsely populated area with stable weather and geological histories.
However, when determining a site for fossil-fueled plants, it is always most desirable
to have the site be as close as possible to the source of fuel. Conflicts may occur if we

have to consider all the above issues.

3. Expanded personnel. The fossil fuel-fired superheater is a departure from nuclear
power and would require two different lines of operators. Personnel cost may
increase due to two different lines of technical support and maintenance.

4. Capacity loss in case of component failure. When a reactor is used for generating
steam in conjunction with a fossil fired superheater, the superheater operating
difficulties will impact the plant capacity factor. A failure of the superheater or any
other components may require the entire plant to be shut down until the failure is
repaired.

5. No contribution to nuclear technology. Today, our world is facing the not only the

global warming problem but also an energy crisis. Nuclear energy has been
recognized as one of the most promising means to solve these problems.
Incorporating fossil fuel-fired superheaters into nuclear power plants apparently does
not contribute much to nuclear technology.

In part because of the greenhouse effect, the primary objective of this work has been set
to design a highly efficient reactor which could produce superheated steam by means of
only nuclear energy. Therefore, fossil fuel-fired superheaters are not studied in this
work. Furthermore, this work is particularly focused on the design of an integral
nuclear superheater, since it has been regarded as more cost-effective and more

challenging than the design of a steam-cooled reactor.
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2.3 General Approaches on the Design of an Integral Nuclear

Superheater

2.3.1 Key questions for the design

Designing a reactor with an integral nuclear superheater is a very challenging task. The
layout of the core is usually much more complicated than that of a typical LWR core,
which provides only boiling or heating of the primary coolant. In addition, many design
margins of a LWR are reduced when the design is for an integral nuclear superheater.
For example, the available space in the reactor vessel is further limited because more
components related to superheating are expected to be integrated in the reactor vessel.
Moreover, additional constraints will be applied to the design because of the elevated
steam temperature and tougher operating conditions. Particularly, the fuel performance
under superheating conditions is the most important issue to be addressed.

A successful design hinges on the designer’s knowledge, experience and creativity.
There are no guidelines or standard procedures for a design to start from; however, some
general requirements do exist which must be met prior to further analysis. For the
design of a nuclear reactor, the general considerations are safety, meeting the reactor
physics, thermal-hydraulics, structural and material constraints, operation of the reactor
and economic competitiveness. On the other hand, there are also some key questions
for developing a reactor which has specific purposes or characteristics. In Figure 2-2,
several key questions for the design of an integral nuclear superheater are listed. It
should be noted that these questions are connected by multiple arrows because they are
often asked iteratively in the course of the design.

A brief discussion of these key questions is provided below:

Production of the saturated steam

For an integral nuclear superheater, the steam coolant is self-supplied rather than from

other sources. There are two common ways to produce saturated steam: boiling and
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flashing. Boiling is widely adopted by the existing LWRs for generating saturated
steam. The performance of steam production is reliable, either by means of direct
boiling in the core (BWRs) or a steam generator (PWRs). Flashing or flash evaporation
is well adopted by the geothermal power plants to produce saturated steam. The flash
steam is formed when a heated liquid stream suddenly undergoes a reduction in pressure.

Flashing has not been used by LWRs due to the potential water-hammer hazards in the
piping, low exergy efficiency in steam production [27-28] and other reasons. However,
it might be worthwhile to reevaluate the feasibility of applying a flash evaporator to an
integral nuclear superheater. An illustration of producing steam by flashing for an
integral nuclear superheater can be found in the literature [29-30].

Separation

The means and location of the separation are important design features of an integral
superheat reactor. There are many possibilities to perform separation. The steam can
be separated from the two-phase mixture by a combination of chimney and gravity; or
separator and forced circulation; or other innovative ways. The location of separation
can be either in the vessel or outside of the vessel. Although the available space is quite
limited, it is preferable to have the separation done in the vessel to avoid the need for
additional loops and tank space, which increase the capital cost and provide a potential
location for the loss of coolant accident (LOCA).

In the literature, some creative ways of performing separation have been proposed for an
integral superheat reactor. For example, Ammon [31] integrated a chimney into the fuel
assembly to achieve separation within the assemblies. Campbell [32] invented a device
which allows steam to be separated from the two-phase mixture in fuel assemblies.
Huet [33] invented a new type of fuel element which equips a helical apparatus to
perform separation within each fuel rod.

On the other hand, separation may be not necessary for a specific design. Kluge [34]

developed a conceptual superheat reactor, in which the water coolant is fully vaporized in
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the fuel assemblies. Tower [35] suggested a pressure tube type integral nuclear
superheater. The feedwater enters each pressure tube and is heated continuously during
a plurality of passes till converting into superheated steam.

Heat source for boiling and superheating

The arrangement of heat for boiling (or increasing the water temperature if flashing is
adopted for steam production) and superheating defines the main direction of the design.
The fission energy generated in the core can be manipulated in many ways to boil the
water coolant and superheat the formed steam. For example, an addition of a secondary
system may be used for both boiling and superheating. Table 2-1 provides a matrix to
distinguish the different arrangements of heat addition. Form the author’s perspective,
this might be a good initial question for a designer to start his/her work.

Selection of the fuel element type

After the heat sources have been arranged for boiling and superheating, one should
contemplate which type of fuel element is more compatible with the design. The
common options of the fuel element are (a) solid pin; (b) annular fuel which can be
cooled internally and externally and (c) pressure tube. Other innovative fuel elements
may also be applied.

2.3.2 Introduction of Direct and Indirect Heating Approaches

The current LWRs can be generally categorized into two types: (a) indirect boiling — if
the feedwater does not boil in the core, such as PWRSs; or (b) direct boiling — if boiling
takes place in the core, such as BWRs. Similarly, the integral nuclear superheaters can
also be categorized into two types: indirect superheating and direct superheating. As
shown in Figure 2-3, the former approach uses means other than directly contacting the
core to superheat steam while in the later approach steam is superheated directly in the

core.
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What is the
heat source
for boiling?
(or increasing the
water temperature?)

Options:

1. Boiling
2. Flashing
3. Others

Fuel element
type?

Options:

1. Solid pin

2. Annular fuel*
3. Pressure tube
4. Others

* Internally and
externally cooled

Options:

1. Core

2. Primary coolant
(steam generator)

3. Heated moderator
(e.g., graphite)

4. Heated blanket

5. Others

Design of an Integ}

~

What is the
heat source for
superheating steam?

Nuclear Superheater

How to separate
steam from the
two-phase mixture?

Options:

1. Gravity

2. Separator
3. NA (dryout)
4. Others

Options:

1. In vessel

2. Outside of vessel
3. NA (dryout)

4. Others

Options:

1. Core

2. Primary coolant
(steam superheater)

3. Heated moderator
(e.g., graphite)

4. Heated blanket

5. Others

Figure 2-2  Key questions for the design of an integral nuclear superheater




Table 2-1

Matrix of the direct and indirect heating approaches

Boiling does not occur

Boiling occurs in the reactor

in the reactor core* core
Superheating of Type I Type 11
steam occurs ina | “Jpdirect boiling” or “flashing” “Direct boiling”

heat exchanger

+ “Indirect superheating”

+ “Indirect superheating”

Superheating of
steam occurs in the
reactor core

Type III

“Indirect boiling” or “flashing”
+ “Direct superheating”

Type IV

“Direct boiling”
+ “Direct superheating”

*Producing saturated steam by flashing is considered as Type I or Type III in this matrix

Superheated steam

Alternative
heat source

[ Indirect Superheating ]

Figure 2-3

Saturated
steam
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The design of an integral nuclear superheatér is flexible in terms of the options for
heating. As shown in Table 2-1, there are four combinations, of types, for designers to
contemplate their work. In the literature, all these four types of integral nuclear
superheaters have been proposed. The indirect and direct superheating approaches are
discussed in detail in the following sections.

2.3.3 Indirect Superheating Approach

The primary advantage of the indirect superheating approach is to avoid the interaction
between steam and the core, which may simplify the core arrangement and provide
easiness for the neutronic design. If steam is superheated in the core, usually there is no
sufficient moderation in the superheating region of the core and compensating means,
such as water rods, have to be implemented. On the other hand, the indirect
superheating approach requires the core to first heat up an intermediate heat transmission
element, and then let the element transmit the energy to steam. The plant efficiency
may be lowered due to these additional heat exchanges.

In the literature, many alternative methods have been proposed to indirectly superheat the
steam coolant. Some of these ideas are not practical for now but may become possible
in the future when advanced technologies are developed. Gas-cooled and liquid-metal-
cooled reactors are not discussed below because they are not within the scope of this

work.

The Type I Design

Metcalf [29] invented an integral nuclear superheater which employs a plurality of tubes
or conduits formed of a highly neutron absorbent material, such as boron steel alloy, to
superheat steam. The steam flows upwardly through the tubes and is superheated. As
described in Metcalf’s work, the tubes are supposed to be heated to a relatively high
temperature by nuclear reaction, resulting from a continuation of neutron bombardment.
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Wigner [30] proposed a superheat reactor which is graphite moderated and produces
saturated steam by flashing. The saturated steam is then conveyed through a line into a
steam inlet header. The header is connected to a plurality of steam tubes of any suitable
material, such as stainless steel or beryllium having a relatively small neutron capture
cross section. The steam is conveyed upwardly through the tubes, which pass through
the neutron moderator.  Thus, the steam passing through the tubes is superheated by heat
developed within the graphite moderator as the result of the nuclear fission chain

reaction.

Hackney [38] developed a reactor which uses a large heat exchange system to perform
both boiling and superheating. A pressurized organic liquid is chosen as the primary
coolant on account of its low vapor pressure, which allows the primary coolant to remain
in liquid phase under high temperature conditions without considerably raising the
pressure of the primary coolant. The secondary coolant (feedwater) flows into the
annular region of the heat exchange system where it is allowed to boil. The two-phase
mixture is separated by the cyclone steam separators. The separated steam then flows
through the inner zone of the heat exchange system where it is superheated.

The Type II Design

Bryan [36] designed a reactor which utilizes a plurality of fertile material elements
arranged in a closed blanket chamber which longitudinally embraces the core. Means
are provided for generating steam from the heat released in the core and the steam is
superheated by the heat released in the fertile material of the blanket. The fertile
material and fuel elements are arranged to be interchangeably positioned and their
position is programmed in respect to time of exposure in the reactor so that the
percentage of heat absorbed in the blanket compared to the heat given up in the core is a
substantially constant ratio over a long period of operation.

Ammon [37] invented a PWR type integral nuclear superheater. This reactor employs a
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steam generator and a steam superheater. The high pressure primary coolant first flows
through the steam superheater to heat the steam coolant and then flows through the steam
generator to vaporize the feedwater.

2.3.4 Direct Superheating Approach

The direct superheating approach has been attempted many times in the past. All the
integral nuclear superheaters constructed during the 1950s and the 1960s were based on
the direct superheating approach. The main advantage of this approach is to directly use
the fission energy to superheat steam. Since the fuel elements have the highest
temperature within the reactor, the steam coolant can be superheated to a higher
temperature level than the indirect superheating approach can offer. In other words, the
superheated steam can have a higher temperature, thus higher plant efficiency, if the
direct superheating approach is adopted.

However, the direct superheating approach also complicates the design because the steam
coolant is a poor moderator. Alternative means have to be implemented to achieve a
fairly thermal spectrum. In addition, control problems and a positive temperature
reactivity coefficient may be incurred when the coolant and moderator are separated. If
boiling and superheating both take place in the core (i.c., Type IV in Table 2-1), the
design becomes more challenging. Insulation between the boiling and superheating
regions, an uneven neutron spectrum across the core, and a reactivity insertion accident
due to water flooding into the superheating region are the major concerns for a Type IV

design.

The Type III Design

A representative of the Type III design (indirect boiling, direct superheating) is a pressure
tube superheat reactor proposed by Russia in 1958 at the second United Nations
international conference on the peaceful uses of atomic energy [20]. The Russian
superheat reactor is moderated by graphite and cooled by light water (the primary coolant)
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and steam. The reactor core is divided into two parts, one part for heating the primary
coolant and the other part for superheating steam. The primary coolant is heated in the
designated part of the core, and then flows through the steam generator where the
secondary coolant, which is also light water, is allowed to boil. The saturated steam
produced in the steam generator is separated from the two-phase mixture in the separator
and then directed into the other part of the core for superheating. More details about the

Russian superheat reactor are given in Appendix A.

The Type IV Design

For the Type IV design (direct boiling, direct superheating), usually the reactor core is
divided into two or more regions for boiling and superheating, respectively. In the
literature, there are four general concepts to configure the core: (a) two-region; (b)

multi-region; (c) single assembly and (d) single element.

[A] [B]
B Boiling region [l Superheating region

Figure 2-4 The two-region concept
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(a) The Two-region Concept

Figure 2-4 is an illustration of the two-region concept, by which the reactor core is
divided into one region for boiling and the other region for superheating. The
conventional way is to adopt a central superheating region as “A” shown in Figure 2-4, or
a peripheral superheating region as “B” in Figure 2-4. In the past, two integral nuclear
superheaters were constructed based on this “two-region” concept. Pathfinder in South
Dakota [10] employed the central superheater while the BONUS reactor in Puerto Rico
[11-12] had the superheater on the periphery.

The major challenges of this concept are: (1) the reactor perhaps needs two different fuel
assembly designs for the boiling and superheating regions; (2) the spectrum hardness
varies between the boiling and superheating regions, which complicates control and
operation of the reactor; (3) thermal insulation between the boiling and superheating
regions is required; (4) the flow configuration including the means and location of
separation needs to be considered thoroughly.

Furthermore, it is interesting to evaluate the impacts of the location of superheater on the
neutron economy. Previous research results [39] indicate that a superheater on the
periphery may have better neutron economy since the material, such as stainless steel,
used for structural purposes in the superheater fuel assemblies has a high neutron
absorption cross section, locating the superheater region at the radial periphery of the
core, where the neutron flux is low, could minimize the amount of neutron absorbed by
structural materials. On the other hand, previous studies also indicate that both the
central and peripheral superheater arrangement may be not suitable for a medium or large
reactor because of radial peaking issues [116]. However, it should be noted that these
results are not universal and need to be further verified if the two-region concept is

applied.
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(b) The Multi-region Concept

In view of the uneven neutron spectrum across the two-region core, the multi-region
concept has been proposed to address this issue. Figure 2-5 is an illustration of the
multi-region concept, by which the reactor core is divided into multiple boiling and
superheating regions. There are many possibilities for a multi-region design. The first
example is to divide the core into three regions such as “A” and “B” shown in Figure 2-5.
A conceptual design proposed by Linsenmeyer [40] in 1960 is a representative of this
“three-region” or “sandwich” core concept. The second example is to divide the core
into several regions like “C” in Figure 2-5. Valter [41] and Wadmark [42] developed
their designs based on this concept. The third example is to have two types of fuel
assembly for boiling and superheating, respectively, and then arrange these assemblies
uniformly within the core. As a result, the core will look like a “checker board” as
shown in “D” of Figure 2-5. Harrer et al. [43] developed a reactor which features this

“checker board” core arrangement.
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[A] [B]

[C] [D]
B Boiling region [ Superheating region

Figure 2-5 The multi-region concept
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B Superheating region

B Boiling region

Figure 2-6 The single assembly concept

(c) The Single Assembly Concept

To achieve further uniformity of the boiling and superheating arrangement, the single
assembly concept has been proposed. Figure 2-6 is an illustration of the single assembly
concept. The essence of this concept is to use half of the assembly for boiling and the
other half of the assembly for superheating. Therefore, each assembly is a boiler as well
as a superheater. Based on this concept, Campbell [32] and Wheelock [44] conceptually
developed their integral nuclear superheaters which could perform boiling and

superheating within each assembly.

(d) The Single Element Concept

The multi-region and single assembly concepts may provide a more uniform spectrum
than the two-region concept does, but the insulation problems are not solved and even

exacerbated due to the scattered superheating regions. One of the solutions to address
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this issue is using annular fuel elements, which could be internally and externally cooled,
to avoid the need for insulation. This is called the single element concept, by which the
annular fuel is cooled externally by water and internally by steam or vice versa.
Therefore, in contrast to the single assembly concept, each fuel element is a boiler as well
as a superheater. The main advantages of this concept are: (1) the boiling and
superheating regions are properly separated by the annular fuel structure; (2) only one
type of fuel element, assembly and control rod is needed; (3) in the event of losing steam
coolant, the decay heat can be transferred by the external water coolant; (4) The
surrounding water can provide sufficient moderation and a uniform thermal spectrum is

expected.

On the other hand, there are also many challenges to be overcome in order to apply this
concept, such as: (1) a desirable power split during the fuel cycle; (2) the uneven axial
expansion between the inner and outer claddings; (3) start-up, shutdown, and operation of

the reactor; and (4) guarantee of the long-term fuel performance.

B Boiling region [ Superheating region

Figure 2-7 The single element concept
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Researchers in Germany proposed and constructed a superheat reactor based on this
concept during the late 1960s [17]. In the literature, there are several conceptual designs
which employ annular fuel elements for superheating steam. Treshow [46] invented a
horizontal superheat BWR with large annular fuel elements. Heckman [47] developed a
reactor featuring a liquid control system and annular fuel elements, which are cooled
internally by water and externally by steam. Huet [33] designed a novel fuel element,
which is composed of three concentric tubes. Only the innermost and outermost tubes
contain fissile material. The intermediate tube does not contain fissile material but
equips a helical apparatus for separation. The feedwater flows within the outermost
tube and boils, and then the steam-water mixture flows through the space between the
intermediate and innermost tubes where the saturated steam is separated. Finally the
saturated steam flows into the innermost tube and gets superheated.

2.3.5 Summary of the Design Approaches

The design of an integral nuclear superheater is flexible in terms of the options of heating.
Based on how the boiling (or flashing) and superheating are performed, four types of
heating approaches can be categoﬁzed as listed in Table 2-1. In general, the integral
nuclear superheaters can be: categorized into two types: indirect superheating and direct
superheating. The former approach uses means other than directly contacting the core
to superheat steam, while in the later approach steam is superheated directly in the core.
Advantages and disadvantages of the indirect and direct superheating approaches are
compared in Table 2-2.

The direct superheating approach, in particular the Type IV design (direct boiling and
superheating), has received a lot of interest since the 1950s. All the integral nuclear
superheaters constructed in the history are based on this direct boiling and superheating
concept. Usually for the Type IV design, the reactor core is divided into two or more
regions for boiling and superheating, respectively. In the literature, there are four
general concepts to divide or arrange the core: (a) two-region; (b) multi-region; (c) single

assembly and (d) single element.
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Table 2-2 Comparison of the indirect and direct superheating approaches

Indirect Superheating

Direct Superheating

Definition:
Steam is not superheated in the core.

Definition: .
Steam is superheated in the core.

Advantages:

There is no interaction between the
core and steam coolant, which can
avoid the problem of insufficient
moderation in the superheating region
of the core.

Only one type of fuel element,
assembly design and control rod
system is needed.

There are a variety of options for the
reactor coolant, such as gas, molten

Advantages:

Fission energy can be directly used to
superheat steam.

Water and steam properties are well
known and there is plenty of
experience in LWR operation.

A heat exchanger and additional loops
are not needed for superheating, which
avoids the potential location for
LOCA.

salt and liquid metal.
Disadvantages: Disadvantages:
e A heat exchanger is required to ¢ Depending on the design, two types of

superheat steam, which may increase
the capital cost and lower the plant
efficiency.

Specific challenges may be incurred if
the primary coolant is gas, molten salt
or liquid metal.

fuel element, assembly design and
control rod system may be needed for
the boiling and superheating regions,
respectively.

Flow configuration may be
complicated if both boiling and
superheating are taking place in the
reactor vessel.
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B Boiling region [l Superheating region

Two-Region Multi-Region Single Assembly Single Element

>
Heterogeneous Homogeneous

Figure 2-8 Comparison of the four direct boiling and superheating design concepts
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One typical issue for the Type IV design is the difference in spectrum hardness between
the boiling and superheating regions. The uneven neutron spectrum across the core will
result in reactor control and operation difficulties. The conventional way to tackle this
problem is to further divide the core and use water rods or other means to improve the
moderation in the superheating region. However, this creates the burden of insulation
and complicates the fuel design. The alternative solution is to use the annular fuel
elements (the single element concept) for both boiling and superheating. Figure 2-8
illustrates the four Type IV design concepts. As shown in Figure 2-8, the two-region
concept is quite heterogeneous and the single element concept is the most homogeneous
one in terms of the distribution of the boiling and superheating regions. The more
homogeneous the distribution is, the more uniform the neutron spectrum is expected.
Characteristics of these four concepts are lasted in Table 2-3.

Table 2-3 Characteristics of the direct boiling and superheating concepts

Characteristics

e The core is divided into two regions for boiling and
superheating, respectively.

e Two types of fuel element, assembly and control rod designs
are required.

¢ Insulation between the boiling and superheating regions is
needed.

Two-region

e The core is divided into multiple regions for boiling and
superheating, respectively.

e Two types of fuel element, assembly and control rod designs
are required.

o Insulation between the boiling and superheating regions is
needed.

Multi-region

¢ Each fuel assembly is a boiler as well as a superheater.

e Two types of fuel element may be required.

¢ Insulation between the boiling and superheating regions is
needed.

Single assembly

e Each fuel element is a boiler as well as a superheater.
e A desirable power split and long-term fuel performance need
Single element to be guaranteed.

e The issue of uneven axial expansion between the inner and
outer cladding has to be addressed.
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2.4 Summary of the Historical Superheat Nuclear Reactors

In the past, several nuclear power plants with integral or non-integral superheaters have
been built and operated. Most of these reactors were small and had low power level
since they were intended to provide a demonstration of the concept. Unfortunately, due
to mechanical failures, lack of research funding and other reasons, all these prototype
superheat reactors had been shut down and decommissioned. Although these old
superheat reactors did not have satisfactory performance, they provided valuable
operating data and experience.

Table 2-4 lists the nuclear reactors with superheat constructed in the history. Three
nuclear power plants with fossil-fired superheaters are listed, they are: the Elk River
reactor, Indian Point unit 1 and the Carolinas—Virginia tube reactor (CVIR). One
separate nuclear superheater, the ESADA Vallecitos experimental superheat reactor
(EVESR), is introduced. In addition, eight integral nuclear superheaters are listed in
Table 2-4: the Obninsk nuclear power plant (Atomic Power Station 1, APS-1), the boiling
water experimental reactor V (BORAX-V), the Pathfinder reactor, the boiling nuclear
superheater (BONUS), the Beloyarsk nuclear power station unit 1 (Beloyarsk-1 or
AMB-100) and unit 2 (Beloyarsk-2 or AMB-200), the Marviken boiling heavy-water
superheat reactor (the Marviken or R4 reactor) and the German superheat reactor
(Heissdampfreaktor, HDR).

Table 2-5 summarizes the design characteristics of these reactors. Details of these
historical superheat reactors are given in Appendix A.
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Table 2-4 List of nuclear reactors with superheat

Reactor Year Location Note**

A. Nuclear Power Plant with Fossil-fired Superheater

Elk River 1962 ~1968 [48]  Elk River, MN, USA BWR
Indian Point-1 1962 ~1974[49]  Buchanan, NY, USA PWR
CVIR 1963 ~1967[50]  Parr, SC, USA Pressure tube

B. Non-integral Nuclear Superheater
EVESR 1963 ~ 1967 [S1]  Pleasanton, CA, USA Steam-cooled

C. Integral Nuclear Superheater

APS-1 1954 ~2002 [81]  Obninsk, Russia Type IV
BORAX-V - 1962 ~1964 [52]  Idaho Falls, ID, USA Type IV
Pathfinder 1964 ~ 1967 [10]  Sioux Falls, SD, USA Type IV
BONUS 1964 ~ 1968 [12]  Rinc6n, Puerto Rico Type IV
Beloyarsk-1 1964 ~ 1983 [53]  Beloyarsk, Russia Type 11
Beloyarsk-2 1967 ~1990[79] Beloyarsk, Russia Type IV [84]
Marviken (R4) Cancelled* [19] Marviken, Sweden Type IV
HDR 1969 ~ 1971 [56] Karlsruhe, Germany Type IV

*  Construction started in 1962 but the project was cancelled in 1970
** Type III = indirect boiling, direct superheating;
Type IV = direct boiling and superheating (see Table 2-1)
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Table 2-5 Design characteristics of the nuclear power plants with superheat (1/2) [13, 18, 21, 45, 50, 60]

Thermal | Electric Efficienc Steam Material*
Reactor Designer | Moderator Coolant Power | Power (%)* y Exit Foel Clad
MWt* | (MWe) ° Temp.(°C) ue
A. Nuclear Power Plant with Fossil-fired Superheater
. 582 (N) U0~
Elk River AC H,O H;O 14.8 (F) 22.5 30.8 441 ThO, SS
. . ; 585 (N) UO,-
Indian PointI | B&W H;0 H,O 215 (F) 255 32.0 538 ThO, SS
CVTR West. DO DO 65 19 29.2 385 U0, Zr-4
B. Non-integral Nuclear Superheater
EVESR GE H,O Steam 17 - --- 493 U0, SS
C. Integral Nuclear Superheater (US design)
UO; (B)
BORAX-V | ANL H,0 HO& | 35, | 35 (T) 454 | UO,ss | J0455(B)
steam 304 SS (S)
cermet (S)

H,0 & U0, (B) | Zr2(B)

BONUS GNEC H,0 steam 50 16.3 32.6 482 U0, (S) | 3168S (S
U0, (B)

H,0& Zr-2 (B)

Pathfinder AC HO steam 203 62 30.5 441 UO-SS 316L SS (S)
cermet (S)

*(N) = Nuclear power plant; (F) = Fossil fuel power plant; (T) = Test reactor; (B) = Boiler; (S) = Superheater
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Table 2-5 Design characteristics of the nuclear power plants with superheat (2/2) [45, 57, 58, 59, 60, 61, 78, 83]

Thermal | Electric Efficienc Steam Material*
Reactor Designer | Moderator Coolant Power | Power (%)* y Exit Foel Clad
(MWH* | (MWe) ° Temp.(°C) ue
C. Integral Nuclear Superheater (non-US design)
APS-1 USSR | Graphite }sltze%i‘ 30 5 (T) 299 U-alloy SS
Beloyarsk-1 | USSR | Graphite }sltze(;t‘: 285 94 33 500 | U-alloy SS
Beloyarsk-2 | USSR | Graphite ffe%i‘ 457 160 35 500 | U-alloy SS
. . UO,(B) | Zr2(B)
Marviken Sweden Graphite D,0 593 200 33.7 475 U0, (S) | Inconel (S)
H0 & U0 (B) SS (B)
HDR Germany H,0 Steam 100 25 25.0 457 U0, (S) | Inconel (5)

*(N) = Nuclear power plant; (F) = Fossil fuel power plant; (T) = Test reactor; (B) = Boiler; (S) = Superheater.
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2.5 Summary of the Conceptual Designs of Nuclear Superheaters

Many conceptual designs of the superheat nuclear reactor have been proposed in the past.
Most of them are light water cooled and moderated, boiling water reactor with integral or
separatc nuclear superheaters. Conceptual designs of nuclear superheaters that are
published in journals, proceedings or filed as US patents are summarized in this section.

2.5.1 The 1956 conceptual design

In 1956, the Argonne National Laboratory (ANL) proposed a conceptual design for a
superheat BWR and published the results in the journal “Nuclear Science and
Engineering” [76]. The design employs tubular fuel elements to increase heat transfer
area. Figure 2-9 shows the simplified flow configuration of the reactor which illustrates
the steam and water distribution in the vessel.

The proposed reactor was designed to have an output of 10 MWt in the form of
superheated steam at 600 psi and 700 °F. As shown in Figure 2-9, the fuel tubes were
placed horizontally in a pressure vessel, similar to the celebrated Canadian
deuterium-uranium reactor (CANDU).

The boiling water rises between the tubes, and the saturated steam, separating at the
surface by gravity, passes through a pipe connection from the steam dome to a chamber
adjoining the left tube sheet of the reactor core. The fuel tubes which are placed beyond
a certain radius from the center line of the core are used for the primary pass of the steam.
The saturated steam is first dried and superheated in this primary pass. The steam then
flows through those tubes to a‘plenum chamber at the right. The final pass is through
the centrally located tubes in which the heat generation is at maximum. The saturated
steam (486 °F) would be superheated to 700 °F when passing through these fuel tubes.
A central baffle cylinder in the steam chamber guides the superheated steam to the outlet

pipe in the pressure vessel closure plug.
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T (2) Saturated steam

Water l

Steam

(3) Superheated
steam

Reactor Fuel Tubes

(1) Feedwater Inlet

Figure 2-9 The ANL 1956 conceptual design [76]

2.5.2 The 2007 conceptual design

In 2007, a conceptual design of superheat BWR was proposed by Ferrara and Hochreiter
[77]. The proposed reactor employs a central superheater in the core and has exit steam
conditions at 850 °F and 1050 psia. Figure 2-10 shows the proposed flow paths of the
design.

As shown in Figure 2-10, the design has a two-pass core. The boiler is located on the
periphery and the superheater in located in the center of the core. A saturated two-phase
mixture is generated in the boiler region and passes through the separators, which are at
top of the boiler. Following that the saturated steam flows into the superheating region
in core to be heated to 850 °F.

The boiler region would use the conventional BWR fuel assemblies with UO; fuel pellets
and Zircaloy-2 cladding. The superheat core region uses UQ, fuel and stainless steel or
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Inconel as cladding material. Zirconium-hydride encased in the stainless steel cladding
is proposed to be used to enhance the moderation in the superheating region. According
to the authors [77], the objective of this design would be to keep enrichment at a

maximum of 5% while achieving the necess ower output.
ary p

Exit to Turbine

Steam Separator

Eoplantinist—" ¢ o f s
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T
N
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|

>

Jet Pumps

Boiler Region

Superheat Region
HE LY

Figure 2-10 The 2007 conceptual design of Ferrara and Hochreiter [77]
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2.5.3 The three pass core design proposal for a HPLWR

In 2008, Schulenberg et al. [93] proposed a three pass core design for the high
performance light water reactor (HPLWR). The HPLWR is a reactor concept of the
fourth generation which is cooled and moderated by water at supercritical pressures.
Although it is proposed for a supercritical water reactor, this three pass core design is
worthwhile to be described here for two reasons. First, it has similarity to Pathfinder,
the BONUS reactor and Ferrara’s work [77] that the reactor core is divided into multiple
regions and the coolant is allowed to make a 180-degree turn to flow through the entire
core. Second, its target coolant outlet temperature of 500 °C is within the same
temperature level pursued by a typical superheat reactor.  Therefore, research results and
considerations of this three pass core design can certainly benefit and inspire a design for
the integral nuclear superheater.

The three pass core design is based on the assembly design concept of Hofmeister et al
[94]. The three-pass approach was chosen to alleviate the hot channel peaking, which is
typically a major issue of a supercritical water reactor. The density ratio between core
outlet steam and inlet feedwater is more than a factor of 8. This ratio exceeds even the
density ratio across a core of a BWR. Therefore, the fuel assemblies are housed in
assembly boxes to provide additional moderator water in the gaps between the assemblies
like in a BWR. Inlet orifices are also installed to avoid flow instabilities. The
moderator water flowing downwards through gaps between the assembly boxes and
through the moderator boxes is mixed with downcomer water in the inner part of the

lower mixing chamber to yield a mixed water coolant at the core inlet.

Figure 2-11 shows the proposed flow path in the three pass core design concept. The
mixed water coolant is first heated up from 310 °C to 390 °C in the evaporator formed by
a total 52 clusters with upward flow in the core center. Then, the water coolant enters
the upper mixing chamber, where it makes a 180-degree turn and enters the first
superheater. The first superheater is surrounding the evaporator and is formed by
another 52 clusters. The water coolant is heated to 433 °C with a downward flow in the
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first superheater. Finally, the water coolant again makes a 180-degree turn to enter the
second superheater where it is superheated to 500 °C.

Austenitic stainless steel and Inconel have been proposed as cladding material for the
HPLWR [93]. After a series of tests, a high temperature working limit of 620 °C has
been assumed for the cladding material candidates. Preliminary calculation indicates
that the peak cladding temperature of this design is 625 °C.

Due to the three passes that form a long flowing path through the core, the resultant
pressure drop of the coolant is higher than the existing BWRs. Given a mass flow rate
of 1160 kg/s and an electric power output of 1000 MWe, around 900 kW or 0.09% of the
electric power, equivalent to 0.04% points of the net efficiency, is lost as a result of the

excessive pressure drop. However, this can be easily offset by the expected plant
efficiency of 40% at steam conditions of 500 °C.

Upper Mixing Chamber -
S 390°C
500°C

i Superheater 1

Figure 2-11 Flow path in the three pass core design concept [93]
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2.5.4 The US patents of nuclear superheaters

In addition to the abovementioned three designs, there are more than 30 conceptual
designs filed as U.S. patents. Table 2-6 lists the U.S. patents of the non-integral nuclear
superheater. 'Table 2-7 lists the U.S. patents of the integral nuclear superheater.
Gas-cooled and liquid-cooled reactors, although can be used to produce superheated
steam, are not included in Table 2-6 and 2-7. These designs have innovative features to
embody the concept of nuclear superheat. Table 2-8 summarizes the features of the
patented integral nuclear superheaters. These innovative features, by taking advantage
of today’s technology, may become feasible and should be reconsidered in the future.

Table 2-6 U.S. patents of the non-integral nuclear superheater

uU.s. Filed

Patent # Year Title Ref.

3,085,959 1959 | Liquid Moderated Vapor Superheat Reactor [71]

3,108,938 1959 | Power Plant Using A Steam-Cooled Nuclear Reactor [72]

3,188,277 1960 | Superheater Reactor [73]

3,212,986 1964 | Three Tank Separate Superheat Reactor [74]

Combination Fossil Fuel and Superheated Steam

3,575,002 1966
Nuclear Power Plant

[75]

3,634,189 1968 | Steam-Cooled Reactor [70]
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Table 2-7 U.S. patents of the integral nuclear superheater

o e Title Ref.
2787593 1946 Method and Means of Producing Steam in Neutronic [29]
Reactors
2,806,820 1947 | Neutronic Reactor [30]
2,938,845 1957 | Superheating in A Boiling Water Reactor [46]
2,982,712 1958 | Boiler-Superheater Reactor [47]
2,999,059 1958 | Nuclear Reactor [62]
3,034,977 1958 | Nuclear Superheater for Boiling Water Reactor [63]
3,049,487 1960 | Direct-Cycle, Boiling-Water Nuclear Reactor [43]
3,121,666 1962 | Nuclear Reactor Fuel Assembly [44]
3,132,999 1960 | Boiling Water-Superheat Nuclear Reactor [39]
3,150,052 1959 | Steam Superheat Boiling Water Nuclear Reactor [64]
Method of Operating Boiling Coolant Reactor With
3,153,617 1958 Positive Re?cptivity goefﬁcifnt [65]
3,156,626 1962 | Nuclear Reactor Supplying Superheated Steam [33]
Boiling Coolant Reactor With integral Vapor
3,185,630 1960 Sep::aﬁion and Nuclear Superheatgral ’ [31]
3,206,372 1961 ISBtzlalzg Water Nuclear Reactor Producing Superheated [34]
Fuel Element for A Steam Superheat Boiling Water
3218237 | 1959 | o T P & [66]
3,228,846 1966 Isiz;)];rnfezvt::er Nuclear Reactor With Breeder Blanket [36]
3,243,351 1962 | Steam Producing Reactor and Fuel Therefor [32]
3,245,881 1962 | Integral Boiler Nuclear Reactor [37]
3,253,998 1963 | Boiling Liquid Nuclear Reactor [38]
3,276,965 1963 | Single Pass Superheat Reactor [67]
3,284,310 1963 | Boiling Water-Superheat Nuclear Reactor [41]
Integral Boiling and Superheating Nuclear Reactor and
3,311,540 1964 Presgs:n'ale Tube issemblg Therefoi 331
3,331,746 1965 | Tubular Fuel Element for A Nuclear Reactor [68]
3,454,467 1966 | Integral Boiling Water-Superheat Nuclear Reactor [42]
3,634,189 1968 | Steam-Cooled Reactor [70]
5,116,567 1990 | Nuclear Reactor With Bi-Level Core [69]
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Table 2-8 Features of the U.S. patented integral nuclear superheater (1/3)

US patent# | Separation* Fuel type Features
2.787.593 Outside of Solid Steam is superheated by the heat developed within the insulated boron steel tubes as
o RPYV, Flashing the result of neutron bombardment.
2.806.820 Outside of Pressure Annular fuels are enclosed by graphite. Water flows in the inner channel of the
U RPYV, Flashing | tube annular fuel. The heat source of superheater is from the heated graphite moderator.
The horizontal superheat BWR. There are two paths for the steam flowing in the
2,938,845 InREV, G Annular superheater fuel assemblies. Control plates are utilized.
Water flows in the inner channel and steam follows upwardly in the outer channel of
2,982,712 In RPV, .. .
V.G Anpular the annular fuels. The liquid control system (Hg-Cd) is used.
2,999,059 I RPV, G Solid A heavyf water c?oled and mode.rated superheat reactor. Fuel rods are the same but
shorter in the boiler and longer in the superheater.
3,034,977 In RPV, S Multi-layer | The fafnous Pathﬁndel: reactor. I.t features a central superheater with three paths for
annular steam in the superheating assemblies.
3,049,487 In RPY, G Solid An 1llustrat10n. of the chec'ker board” core concept. The superheater fuel assembly
can be placed in any order in the core.
3,121,666 InRPV, G Solid An illustration of the “single assembly” concept. Each fuel assembly is a boiler as
well as a superheater.
3,132,999 InRPV, G Solid An illustration of the “three-region” or “sandwich” core concept. This reactor can

produce saturated or superheated steam by adjusting a dedicated “three-way valve”.

*RPV = Reactor Pressure Vessel; G = Separation is done by gravity; S = Separation is done by separator
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Table 2-8 Features of the U.S. patented integral nuclear superheater (2/3)

US patent# | Separation* | Fuel type Features
X - : .
3,150,052 InRPV, G Solid The reactor equips a central supc?rheater s1m11a.r to the Pathfinder reactor but steam is
separated from the two-phase mixture by gravity.
3.153.617 Outside of Pressure The reactor equips a peripheral superheater, similar to the BONUS reactor. It is
T RPV, S tube light water cooled and heavy water moderated.
3,156,626 In-rod Annular A he.hcal water-steam separator is integrated in each large fuel rod. Each fuel rod is
separator a boiler as well as a superheater.
3,185,630 In-assembly Annular The .reactoT features a cyclone water-steam separator in each assembly. Each fuel
separator rod is a boiler as well as a superheater.
The “one-direction” superheat BWR. Water flows upwards along the fuel rod till
3,206,372 NA (Dry-out) | Solid becoming saturated steam. The saturated steam keeps flowing upwards and gets
superheated. Moderation is provided by water surrounding the heating path.
. Fuel assembly design for the steam superheat boiling water nuclear reactor (US
3,218,237 In A 1 . . . .
2 REV, G Solid patent # 3,150,052). Solid moderator (Zr-H) is used in the superheater assemblies.
. The heat source of superheater is from the breeding blanket, which is composed of
3,228,846 InRPV, S . . . . . .
Solid fertile material elements. Fertile material may be natural uranium or thorium.
3.943.351 In-assembly | Solid and Water flows through the solid fuels and boils. Separation is done in the assembly.
o separator Annular The saturated steam flows through the annular fiels and gets superheated.
3,245 881 InRPV, S Solid A superheat pressurized water reactor (PWR') equlpped. one steam generator and one
steam superheater. The pressurizer is also integrated in the reactor vessel.
3,253,998 InRPV, S Solid A superheat reactor using a pressurized organic liquid as the primary coolant and a
large steam generator/superheater.

*RPV = Reactor Pressure Vessel; G = Separation is done by gravity; S = Separation is done by separator
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Table 2-8 Features of the U.S. patented integral nuclear superheater (3/3)

US patent# | Separation* Fuel type Features
Single pass, once through design with very long fuel rods. Intentional highly
3,276,965 InRPV, G Solid asymmetric power distribution and would turn the fuel rods upside down for
completely use of the fuel.
. Arcuately bent fuel plates are used to perform separation in the assembly. A heated
3,284,310 InREV, S Solid reflector, which is composed of fissile elements, is used to preheat the steam coolant.
Pressure Each pressure tube comprises a plurality of concentric annular fuel elements. The
3,311,540 NA (Dry-out) tube liquid coolant enters each pressure tube and is heated continuously during a plurality
of passes. The liquid coolant is converted to superheated steam in the heating path.
3.331.746 Outside of Annular Each fuel rod is a boiler as well as a superheater. Gas-filled insulation is used to
e RPV, G optimize the axial heat transfer along the fuel element.
. The reactor contains a plurality of superheater tubes enclosed by water. Steam
3,454,467 In RPV, \ .
v, G Solid flows downward through the superheater elements where it is superheated.
The core is cooled by steam and is divided into three parts. This design uses
. superheated steam exiting from the first two parts of the core as the primary coolant
3,634,189 In RPV, 1 i .
G Solid to vaporize feedwater (secondary coolant). Then the primary coolant flows through
the third part of the core where it gets superheated to the point of use.
This invention provides a special type of BWR with a two-stage core.
5,116,567 InRPV, G Solid A lower stage is a conventional BWR core which converts the subcooled water to
saturated steam. An upper stage is cooled by the steam from the lower stage and
converts it to superheated steam.

*RPV = Reactor Pressure Vessel; G = Separation is done by gravity; S = Separation is done by separator




Chapter 3
The Annular-fueled Superheat Boiling Water Reactor

3.1 Design Considerations

It is generally recognized that the addition of nuclear superheat is one of the attractive
possibilities for improving the performance of light water reactors. The expected
improvement results from the high temperature superheated steam and thus the higher
plant efficiency. Additional complexity is to be expected in arranging the reactor core to
serve both the boiling and superheating functions. However, the nuclear superheat must
be accomplished without seriously compromising the simplicity of the system, or causing
a marked lowering of power density or a deterioration of the neutron economy. In
addition, the usual problems associated with LWRs and steam-cooled reactors and a
number of particular challenges associated with coupling the boiling and superheating
functions must be solved.

General considerations for the design of an integral nuclear superheater are discussed
below.

1. Fuel element

The success of nuclear superheat is largely dependent on the development of a
satisfactory fuel element. This fuel element must be capable of achieving high burnup
under severe temperature and pressure conditions. Other desirable characteristics of the
designed fuel element are having long-term integrity, good neutron economy and reduced

fabrication costs.

2. Local Power Peaking

For an integral nuclear superheater which employs two different types of elements for
boiling and superheating respectively, local distortion of the fluxes can take place which
gives rise to local power peaking which may diminish the neutron economy.
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3. Radioactivity

Since the superheated steam will be sent directly to the turbine, the amount of radioactive
material carried over to the turbine and condenser should be within tolerable limits.

4. Materials

It is essential to use advanced materials for the in-core and out-of-core structures. The
in-core structures, such as fuel cladding, are the most critical components in the pressure
vessel, as they are exposed to the highest service temperature, to severe jrradiation dose,
and to the oxidizing superheated steam environment. The desirable characteristics of
the in-core materials include good mechanical strength at high temperatures, resistance to
radiation damage and corrosion, low neutron absorption cross section and good heat
transfer properties. For the out-of-core structures, materials which are adopted by
modern supercritical fossil power plants can also be applicable to the superheat nuclear

reactor.

5. Control System

Control problems associated with the boiling water and steam-cooled reactors have to be
taken into account. For an integral nuclear superheater, the impact of void fraction in
the boiler and superheater regions should be analyzed to design an adequate control
system. Design considerations include the material, size, number, and position of
control elements. The control system should have good performance under both
steady-state and transient conditions.

6. Reactor Stability

The usual concerns associated with the stability of a boiling water reactor are also present
in a BWR with integral nuclear superheat. For an integral nuclear superheater, special
attention should be paid to the void coefficient in the boiling region of the reactor if the
boiling and superheating regions are designed to be coupled.
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7. Operational safety

The potential hazards associated with the flooding and unflooding of the superheating
region should be avoided. Inner channel blockage by debris should also be avoided.
Greater difficulties may be encountered in managing a proper power split between the
boiler and superheater sections as power changes and fuel-burnup occur. In addition,
startup and shutdown of an integral nuclear superheater are considered to be unique for a
specific design. Adequate shut-down and emergency cooling for the superheater

elements must be guaranteed under all circumstances.

3.2 General Description of the Proposed Design

There were several superheat reactor designs proposed in the course of this work. By
preliminary calculations and discussion, it has been determined that integrating a BWR
with annular fuel elements is the most promising concept. The selection criteria used to
screen these various reactor concepts for their potential as superheaters are: first, the
current technical feasibility to produce a specified steam temperature; second, the
inherent characteristics of the concept favorable to long-term improvements in thermal
efficiency; third, the potential of the concept to contribute to light water reactor
technology; and finally, the economic promise of the concept.

The proposed reactor of this work is a direct boiling and superheating, single element
type design according to the categorization described in Chapter 2. The core employs
annular fuel elements which combine the boiler and superheater into one entity. Each
annular fuel element, or fuel tube, is cooled internally by steam and externally by water.
Fuel pellets are made of low enrichment UO,.  Stainless steel and nickel-base superalloy
are selected as candidates for cladding material in consideration of their excellent
physical properties and corrosion resistance. The fuel cladding gap is filled with helium
gas and pressurized to around five atmospheres like the existing LWR fuels [95].

Figure 3-1 illustrates the main concept of the proposed design — the Annular-fueled
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Superheat Boiling Water Reactor (ASBWR). As shown in Figure 3-1, the ASBWR
consists of two independent cooling loops. The water coolant flows upward through the
core (outer surface of the annular fuel elements) and boils, which is similar to the
conventional BWRs. Annular separator and steam dryer are utilized and located in the
reactor vessel above the core. Saturated steam is separated from the two-phase mixture
and directed through the central void region of the annular separator and dryer to reenter
the core for superheating. Before reentering the core, saturated steam can be preheated
by the superheated steam plenum. The flow paths to and from the ASBWR assemblies
are designed so that the steam coolant can flow first downward through the inner
channels of half of the annular fuel elements in an assembly and then upward through the
other half of the fuel elements before exiting the assembly.
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Figure 3-1 Simplified flow configuration of the ASBWR
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Steam Exit Temperature vs. Cycle Efficiency
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Figure 3-2  Steam temperature vs. plant efficiency for a superheat BWR [77]

The goal of this reactor is to generate superheated steam at a temperature of 520 °C or
higher under similar pressure conditions to the existing BWRs. The impact of steam
temperature on the plant efficiency has been studied for a BWR with nuclear superheat
[77]. As shown in Figure 3-2, with an outlet steam temperature of 520 °C, the plant
efficiency can be enhanced to above 40%, which is substantially greater than the plant

efficiency of 33 to 35% that an advanced LWR can achieve nowadays.

3.3 Detailed Description of the Proposed Design

3.3.1 Reactor Vessel and Major Components

Figure 3-3 illustrates the pressure vessel and major components of the ASBWR. For

simplicity, only two fuel assemblies are shown in Figure 3-3.
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The major components in the ASBWR include fuel assemblies, control rods, reactor
internal pumps, annular separator, annular steam dryer and steam coolant distributor.
The fuel assemblies sit on the top fuel guide plate and are described in detail in the
following section. Cruciform control rods are mounted at the bottom of the RPV,
similar to current BWRs. The reactor internal pumps (RIPs), which have been adopted
by the advanced BWRs, are installed in the vessel to provide sufficient driving force to
circulate the water and steam coolant. The steam coolant distributor, connected with the
annular separator, superheated steam outlet structure and fuel assemblies, is the key
component that separates and defines the two-phase mixture, saturated steam and
superheated steam plenums. It collects the saturated steam coolant and directs it to the

fuel assemblies.

3.3.2 Flow Configuration

Figure 3-4 shows the flow configuration of the ASBWR. The feedwater flows into the
downcomer region through nozzles and combines with saturated water exiting from the
separators. The location of these nozzles is well above the top of the nuclear fuel
assemblies. The combined water coolant then enters the reactor internal pumps (RIPs)
that provide additional hydraulic head. Exiting the RIPs, the water coolant makes a
180-degree turn and flows up through the lower core plate into the fuel assemblies. In
each fuel assembly, water is heated by the outer surface of the annular fuel elements and
the steam-water or two-phase mixture is formed through the heating paths. The
two-phase mixture, composed of about 12 to 15% saturated steam, continues to flow
upward and enters the annular separator and dryer. The separated steam then makes a
180-degree turn and flows through the central void region of the annular separator and
dryer to enter the steam coolant distributor, where it is preheated by the surrounding
superheated steam plenum. The steam distributor is well connected to the fuel
assemblies so that the preheated steam coolant can flow into the inner channels of the
annular fuel elements. The preheated steam first flows downward through about half of
the assembly fuel elements, making a 180-degree at the bottom, and then flows upward
through the other half of the assembly. Within each assembly, the steam coolant is
superheated by the inner surface of the annular fuel elements. Finally, the superheated
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steam is collected in the superheated steam plenum and directed to the turbine.
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Figure 3-3 Reactor vessel and major components of the ASBWR
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3.3.3 Fuel Assembly
General

Figure 3-5 shows the ASBWR fuel assembly. Each fuel assembly contains sixty annular
fuel elements and one square water rod (occupies the space of four fuel elements) in an 8
by 8 square array. The sixty fuel elements include twenty-eight steam down-flow paths
and thirty-two steam up-flow paths. The steam box is located near the bottom to collect
the incoming steam coolant and direct the steam coolant to the peripheral fuel elements in
an upward flow. Spacers are properly arranged along the axial length of the fuel
assembly but are not shown in Figure 3-5. Cruciform control rods and box walls are
made and placed in the location similar to a typical BWR fuel assembly design. The
weight of the fuel assembly is primarily acting on the top fuel guide plate and secondarily
supported by the bottom spring and the lower core plate.

Figure 3-6 shows the top, front and side views of the upper tie plate. The upper tie plate
comprises the top nozzle for the steam coolant inlet, handle and 32 holes for the
superheated steam outlet. Figure 3-7 shows the locations of the tie rods. There are
eight tie rods and 52 regular fuel rods for an 8x8 fuel assembly. Figures 3-8 to 3-11

show four different vertical cross-sectional views of the fuel assembly.

Fuel element

Figure 3-12 shows a regular annular fuel element. Low-enriched annular UO; pellets
are loaded into the cladding tube. Top and bottom end plugs are alternately welded to
the fuel element. The fuel cladding gap is filled with helium gas and pressurized to
around five atmospheres like the existing LWR fuels. Bellows are integrated into the
fuel element in order to accommodate the expected difference in axial growth between
the inner and outer claddings. The annular spring end, which is welded with the bellows,
is used to compensate the overall axial growth of the fuel element due to thermal
expansion and irradiation effects. In addition, the annular spring end also serves as a
seal to prevent any leaks across the inner-outer channel boundary of the annular fuel

element.
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Figure 3-5 The ASBWR fuel assembly
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Figure 3-8 Cross-sectional view of the ASBWR fuel assembly (A-A)
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Figure 3-9 Cross-sectional view of the ASBWR fuel assembly (B-B)
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Figure 3-10 Cross-sectional view of the ASBWR fuel assembly (C-C)
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Figure 3-11 Cross-sectional view of the ASBWR fuel assembly (D-D)
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Figure 3-13 shows an annular tie rod with bellows. The tie rod has no annular spring
end but screw threads near the upper end. The purpose of tie rod is connecting the
upper tie plate to the bottom nozzle. Since the bottom nozzle and the steam box are
welded together, the eight tie rods with nuts will carry the weight of the fuel assembly

when inserting or withdrawing the assembly.

Figure 3-14 shows the annular tie rod with an annular spring seal and a nut. The annular
spring seal, like the annular spring end but with a larger diameter, can compensate the
overall axial growth of the tie rod and secure the inner-outer channel boundary of the

annular fuel element.

The annular spring ends and annular spring seals comprise a spring system for the fuel

assembly. Figure 3-15 illustrates the functions of this spring system.

(a) Beginning of cycle (b) End of cycle (c) Pull out the assembly

I Spring extension * Spring compression

? Axial growth due to thermal expansion and irradiation effects

f External force to insert or pull out the assembly

Figure 3-15 Spring system of the ASBWR fuel assembly
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Steam box

The purposes of steam box are: (1) collecting the incoming steam coolant; (2) providing a
mixing space for the steam coolant to reduce the local temperature peaking; and (3)
directing the steam coolant back to the peripheral up-flow fuel elements. It consists of
two parts: the upper steam box and the lower steam box. As shown in Figure 3-16, the
upper steam box is welded to the twenty-eight steam down-flow fuel elements while the
lower steam box is welded to the thirty-two steam up-flow fuel elements. The upper

and lower steam boxes are connected by a steam box connection.

Upper steam box Lower steam box

Steam down-flow
Steam up-flow
Steam box connection

Figure 3-16 The upper and lower steam boxes
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Figure 3-17 Three-dimensional view of the steam box
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Figure 3-17 shows a three-dimensional view of the steam box. The water coolant enters
the assembly from bottom can flow through the four openings and the central path to
reach the outer surfaces of the fuel elements. Figure 3-18 shows the flow paths in and
around the steam box. It can be seen that water flowing through the central path is
directed separately to the square water rod and to the boiling region. To allow sufficient
water flow via the central water path to the boiling region, the water rod is designed to
have a narrow entrance and an inlet orifice which can be used to adjust the flow rate in
the water rod. The fuel active region is about 35 ~ 40cm above the unheated region to
allow the turbulence to be fully developed. As a result, the water coolant is expected to

form a uniform flow distribution before entering the active region of the core.

Flow paths in the assembly

Figure 3-19 is the horizontal cross-sectional view of the fuel assembly. As shown in
Figure 3-19, each fuel element is cooled internally by steam (up-flow or down-flow), and
externally by boiling water. Neutron moderation in the reactor core is mainly provided
by water in the boiling region, the square water rod, and water gaps. The steam coolant

contributes negligible moderation due to its low density.

Figures 3-20 shows the flow paths of the water and steam coolants in the assembly. The
preheated steam coolant flows downward into the top nozzle and then passes through the
inner channels of the central annular fuel elements. After that, the steam coolant is
collected in the steam box, where it is mixed and makes a 180-degree turn, and flows
upward through the inner channels of the peripheral annular fuel elements until it exits
the assembly. On the other hand, the water coolant flows upward into the bottom nozzle
of the assembly, entering the water rod and passing through the outer channels of the
annular fuel elements. A steam-water mixture is formed in the outer channels and then

continues to flow upward until entering the separators.
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3.34 Materials for the In-core and Qut-of-core Structures

A preliminary study has been performed to investigate the operational conditions of the
ASBWR and to evaluate the potential of existing structural materials for application in
the ASBWR in-core and out-of-core components.

Out-of-core materials

The selection of appropriate structural materials for out-of-core components can be based
on the data and experience developed for supercritical fossil power plants (SCFPP).
Table 3-1 lists the materials of major components for a typical SCFPP [96]. These
materials are mostly commercial ferritic/martensitic or austenitic stainless steels. The
operational conditions of the ASBWR (520 °C, 71 bar) are moderate compared to the
working temperature (540 ~ 600 °C) and pressure levels (250 ~ 275 bar) of a SCFPP;
hence the materials used for a SCFPP should be applicable to out-of-core components of
the ASBWR. However, further analyses and experiments are needed to evaluate the
impact of radioactive cooling medium on the material behavior of these out-of-core

- components.

Table 3-1 Maten’als for key components in supercritical fossil power plants [96]

Component/material

Nominal composition (wt%)

Piping materials
X20 CrMoV 12 1
T 91/P 91
HCMI2A

1.4910

Super heaters
TP347HFG
Super 304H
NF709

Thick section boiler comp.
NF616
HCMI12A

Turbine rotors
COST E/F
COSTB

HR 1200

0.2C-12Cr-1Mo-0.3V
0.1C-9Cr-1Mo-V-Nb
0.1C-11Cr-0.5Mo-1.8W-1Cu-V-Nb-N-B
0.03C-17Cr-13Ni-3Mo-N-B

18Cr-10Ni-1Nb
18Cr-9Ni-0.4Nb-Cu-N
20Cr-25Ni-1.5M0-0.25Nb-0.05Ti-N

0.1C-9Cr-0.5Mo-1.8W-V-Nb-N-B
0.1C-11Cr-0.5Mo-1.8W-1Cu-V-Nb-N-B

0.12C-10Cr-1Mo/1.5Mo-1W/OW-V-Nb-N
0.17C-9.5Cr-1.5M0-0.01 B-V~Nb-N
0.09C-11Cr-0.2M0-2.7W-2.5Co-V-Nb-N-B
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In-core materials

For in-core structures, the fossil materials experience is valuable but maybe not directly
transferable to a nuclear power plant. It is not only because of the radiation damage and
radiolysis effects, but also because fossil plants have a higher tolerance for oxidation and
deposition of crud. For example, materials that work in fossil boiler tubes are allowed
to develop very thick oxide layers for passivation. Sometimes these layers flake off and
then become a source of erosion and possibly clogging. It may not cause any damage to a
fossil boiler tube, which has a diameter of 2 cm, but will certainly cause serious problems

in a nuclear fuel assembly, which has grid spacers and a rod-to-rod clearance of 4 mm.

A selection of available and promising materials for in-core components is based on their
mechanical and nuclear properties, corrosion and creep fracture resistance, irradiation
stability and manufacturing feasibility. Particularly for the fuel cladding material,
radiation embitterment and irradiation-assisted stress corrosion cracking (IASCC) are the
most important issues that have to be taken into account. Through a preliminary study,
two materials are considered to have the potential to fulfill the requirements as in-core
cladding and structural materials in the ASBWR.

The first candidate is the modified 9Cr-1Mo steel (T91). It is ferritic-martensitic steel
currently used in fossil power plant superheaters. T91 has a lower thermal expansion
coefficient compared to stainless steel and has excellent performance under 650 °C. The
potential of T91 for nuclear applications has been recently studied. It is considered as
one of the promising structural materials for the lead-bismuth-cooled accelerator driven
system (ADS) [103]. In addition, the feasibility of using T91 as fuel cladding in

supercritical water reactors is also under investigation [104].

The second candidate is Inconel 718. It is a precipitation-hardenable nickel-chromium
alloy containing significant amounts of iron, niobium, and molybdenum along with lesser
amounts of aluminum and titanium. Inconel 718 combines excellent corrosion
resistance and tensile, fatigue, creep, and rupture strength with outstanding weldability,
including resistance to postweld cracking. It has satisfactory performance when operated
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between -423 to 1300 °F. Compared with stainless steel, Inconel 718 has improved
ductile to brittle transition behavior under irradiation and thermal creep fracture
resistance of the cladding during transients. In addition, Inconel 718 has been proposed
as a cladding material for liquid metal and gas-cooled fast breeder reactors [105].

Table 3-2 summarizes the chemical composition of T91 and Inconel 718, compared with
Zircaloy, the common LWR cladding material. Table 3-3 lists physical and nuclear
properties of these three materials. It can be seen from Table 3-3 that T91 has better
thermal conductivity but lower allowable maximum working temperature than Inconel
718. The linear thermal expansion coefficients of these two materials are about the
same and larger than Zircaloy. In conjunction with a much higher operating temperature
than BWRs, the ASBWR is expected to have appreciable axial expansion in fuel
claddings. Moreover, both T91 and Inconel 718 have much higher thermal neutron
absorption cross section than Zircaloy, which implies the ASBWR fuel would require a
higher U-235 enrichment to reach similar burnup to the existing LWRs.

The development of in-core materials for advanced nuclear reactors is gradually
approaching a mature stage of practical application. The suggested material candidates,
T91 and Inconel 718, are among the options and should not restrict the design of the
ASBWR. Their feasibility should be determined by the overall performance under
appropriate irradiation and high temperature operating conditions. Further investigation
and experimental data are essentially needed to confirm the qualification of T91 and
Inconel 718 for the ASBWR in-core materials.
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Table 3-2 Composition of Zircaloy, T91 and Inconel 718

Percent (%) | Zircaloy T91 Inconel 718
Cr 0.1 8.26 17 ~21
Ni 0.055 0.13 50 ~ 55
Mn - 0.38 0.35

\' - 0.2 --

Nb -- 0.08 4.75~5.5
Mo -- 0.95 2.8~3.3
Al -- 0.024 0.2~0.8
Cu - 0.08 0.3

As - 0.02 -

Sn 1.45 0.008 --

C -- 0.105 0.08

N - 0.055 --

P -- 0.009 --

S - 0.003 -

Si -- 0.43 0.35

Ti - - 0.65 ~1.15
Co -- -- 1.0

B -- -- 0.006

Hf 0.01 - --

Fe 0.07 ~0.2 balance balance
Zr balance - -
Reference [97] [98] [99]
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Table 3-3  Physical and nuclear properties of Zircaloy, T91 and Inconel 718

Properties Zircaloy T91 Inconel 718

Density (g/cm”) 6.55 7.79 8.19

Melting point/range (°C) 1850 1370 ~ 1415 1260 ~ 1336
. 317 560/ 750

Specific heat (J/kg-K) (at 300°C) | (at 300/ 600°C) 435

Average linear thermal

expansion coefficient 5.64 12.7 13.0

(pm/m-K)

Thermal conductivity 16.5 28.8/28.5 155/21.0

(W/m-K) (at 300°C) (at 300/ 600°C) | (at 300/ 600°C)

Microscopic thermal

neutron absorption cross 0.21 2.64 4.07

section, ¢, (barns)

Macroscopic thermal

neutron absorption cross 0.009 0.223 0.364

section, X, (cm™)

Maximum temperature

limit for satisfactory 400 620 ~ 650 700 ~ 850

performance (°C)

Reference [97, 98,99, 100, 101,102]

335

*Excellent corrosion resistance and creep-rupture strength below this

temperature are expected.
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Key Advantages of the Proposed Design

The concept of the combined boiling-superheating fuel element involves a complicated
fuel assembly design and raises several technological problems. However, this concept
offers a series of advantages which seem to justify the efforts required to solve the
problems involved. The key advantages of the proposed ASBWR are discussed below.




1. Internal and external cooling of the fuel element

The annular fuel can be cooled internally by steam and externally by water. In the event
of reactor scram or loss of the steam coolant, the reactor core will not be excessively
overheated since the residual thermal energy can be transferred to the boiling side. This
is a superior feature to the traditional nuclear superheat designs which divided the reactor
core into boiling and superheating regions, and therefore required a separate emergency
cooling system for the superheating region.

2. Well-insulated interface between the boiling and superheating regions

Since the water and steam coolants are separated by the fuel, the heat loss from the
superheating to the boiling side is prevented. No additional structure is needed for

insulation.

3. Sufficient moderation for the superheating region

In the ASBWR, moderation is provided by water in the boiling region, water rod and
water gaps for the entire core. There is no need for additional moderation for the
superheating region. This is also one of the features that distinguish the ASBWR from
the traditional nuclear superheat designs such as the Pathfinder and BONUS reactors.

4. Homogenized neutron spectrum

With the annular fuel elements, which serve both boiling and superheating functions, the
distribution of the superheating regions in the core is extremely uniform. This leads to a
homogenized neutron spectrum across the core and greatly simplifies the reactor control.
The traditional designs had two different types of control rods for the boiling and
superheating regions respectively because the neutron spectrum in the superheating
region is harder than that in the boiling region. Therefore, control of these traditional
superheat reactors was difficult and complicated, which further restricts the size of these
reactors. In contrast, the ASBWR has no such restriction and can be designed as a small,

medium or large reactor.
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5. Use of only one type of fuel element and control rod

The ASBWR uses only one type of fuel element and control rod, which is convenient for
manufacture, spare element storage and fuel reshuffling.

6. Low fuel peak temperature

Due to the internal and external cooling of the fuel element, the peak fuel temperature is
very low. This alleviates the concerns about fuel melting in accidents and fission gas
release from the damaged cladding.

7. Preheating of the steam coolant

The steam coolant can be preheated by the surrounding superheated steam plenum before
reentering the core. This can help to prevent the reactivity insertion due to the residual
liquid droplets in the saturated steam stream.

8. Well supported by currently available technologies

One of the most important advantages of the proposed design is that there are a lot of
similarities between the ASBWR and a BWR. Therefore, the design and operation of
the ASBWR can draw support from the available data of existing BWRs. The ASBWR
can also benefit from the abundant experience in operating fossil-fueled superheaters
since the temperature levels of steam are close. Furthermore, the annular fuel
application has also been recently studied [106]. These all help to lower the technical
barriers to achieve the ASBWR concept.

9. A more promising BWR evolution than the supercritical water reactor

The ASBWR design has some obvious similarities with the Supercritical Water Reactor
(SCWR) concept. In particular, they are both direct-cycle systems that aim at a higher
thermal efficiency, while maximizing the use of BWR and fossil-boiler technologies.
However, the ASBWR does not suffer from the some of the potentially fatal flaws of the
SCWR. For example, in an event of complete loss of feedwater flow, the ASBWR can
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survive without damaging the fuel because the residual heat can be removed by a natural
circulation path on the water side. In addition, due to its multiple coolant mixing
chambers, the ASBWR is not subject to the severe hot channel temperature peaks that
typically occur in the SCWR designs. In summary, the ASBWR appears to be a more
promising BWR evolution than the SCWR.

3.3.6 Main Challenges of the Proposed Design

Having enumerated the advantages of the proposed design, it is necessary also to speak of
the specific challenges or disadvantages involved.

1. Uneven thermal expansion between the inner and outer cladding

A main issue for this concept is the different axial thermal expansion between the inner
cladding and outer cladding. The average temperature of the outer cladding is about 300
°C while the average and maximum temperature of the hottest inner cladding is about 580
°C and 630 °C, respectively. Possible solutions to this problem are: (i) preheating the
outer cladding prior to being welded; (ii) the use of extendable tubes such as bellows to
accommodate the uneven expansion; (iii) the use of different materials for the inner and
outer claddings. In this work, efforts were concentrated on the first and second solution
since the third one requires advanced welding techniques which are currently unavailable
[107]. Even if the two materials can be welded perfectly, the third solution still needs
further investigation to deal with the situations where only one side of the cladding is
heated or cooled. Such situations include reactor start-up and emergency cooling etc.
In addition, galvanic corrosion will be a concern when welding different alloys together.

2. Higher manufacturing cost of the fuel assembly

Higher manufacturing cost of the fuel assembly is expected because of the complicated
assembly design. Welding and manufacturing of the annular fuel elements and steam
box are the most difficult parts; however, the assembly is able to be fabricated by today’s
technology [108].
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3. Required higher enrichment of UO;

The enrichment of UQ; is expected to be higher in order to achieve a similar burnup to
BWRs. The neutron economy of ASBWR is not as good as BWRs because: first, the
ASBWR core contains almost doubled cladding material compared to a typical LWR core
due to the use of the annular fuel elements; and second, the cladding material, as shown
in Table 3-3, has much higher thermal neutron absorption cross section than Zircaloy.
However, this neutronic penalty can be offset by the greatly improved plant efficiency.

4. Uncertainty in achieving a desirable power split

For the annular fuel, the fuel performance depends a lot on the power split. Particularly
for the ASBWR, the power split has direct impacts on the maximum cladding
temperature and the superheated steam temperature. During the fuel cycle, the
geometry of fuel pellets and inner/outer gap conductance would vary which causes
uncertainty in predicting the power split. Achieving a desirable power split necessitates
a detailed fuel modeling and fuel performance analysis.

5. Potential plugging of the annular fuel inner channel

The concern about potential plugging of inner channel with debris has been investigated
for the PWR annular fuels [109]. The results indicate that the inner cladding would be
subjected to damaging temperatures if full plugging of the inner channel occurs. The
situation would be worse for the ASBWR since its inner cladding temperature is much
higher than that of the PWR annular fuel. To prevent the full blockage of the inner
channel by debris, it has been proposed to use inlet debris filters, which are installed in all
current PWRs to minimize debris-induced fretting.

6. Flooding of the superheating regions

One of the anticipated problems associated with reactor safety is the reactivity insertion
accident due to flooding of the superheating region. Neutronic analyses must be
performed to evaluate the reactivity response during such events. Mechanical test of the
fuel element and assembly structure must be conducted to prevent any possible way of
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flooding during normal operation.

7. Carryover of radioactivity

The outlet superheated steam is expécted to carry more radioactivity than BWRs since the
duration of steam in the core is longer. This may represent a difficult operational or
maintenance problem. In case of failure of the inner cladding, the release of fission
products could be much greater than a similar release from a BWR fuel element because
the steam coolant has no effective scrubbing action like water. To address this concern,
high efficiency filters and activated charcoal traps are proposed to be installed near the
steam outlet.

8. Transients and Accidents

Analysis of transients and accidents (e.g., loss of coolant accident (LOCA), loss of flow
accident (LOFA), loss of feedwater flow, turbine trip, anticipated transient without scram
(ATWS), and main steam line break) has to be performed thoroughly for the ASBWR.
Although the ASBWR fuel element has a higher surface-to-volume ratio than LWRs, the
inner surface of the annular fuel may still be overheated during transients and accidents.
In addition, there is no natural circulation path for the steam-cooled inner channels.
Further studies have to be performed to ensure there is sufficient long term cooling in the

steam-cooled inner channels after a reactor scram.

3.4 Comparison between the HDR and the Proposed Design

The German superheat reactor, HDR, which also used annular fuel elements for boiling
and superheating, is described in Appendix A. Obviously, there are some similarities
between the HDR and the proposed ASBWR. A detailed comparison between these two
reactors is provided in this section. Although the HDR failed after a few days of
operation [58], the ASBWR is still considered promising because of its distinguishing
features.
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34.1 Comparison of Fuel Element

The design characteristics of the HDR and ASBWR are listed in Table 3-4. The fuel
element of the HDR has similar dimension as the ASBWR. The main differences of
these two fuel element designs are fuel type, cladding material and fuel active length.
The HDR adopted powder fuel (Vibration-Packing, VIPAC), whereas the ASBWR uses
sintered annular fuel pellets. For cladding, the HDR used two different materials for
inner and outer claddings to deal with the uneven axial thermal expansion, whereas the
ASBWR uses bellows and only one type of material for both claddings. The active
length of the HDR fuel element is shorter than that of the ASBWR due to the difference

in power level.

342 Comparison of Fuel Assembly

The HDR fuel assembly consisted of 24 fuel elements in a 5x5 square array, whereas the
ASBWR assembly comprises 60 fuel elements and one square water rod in an 8x8 array.
Figure 3-21 shows the simplified steam flow path in the HDR and ASBWR fuel
assemblies. The original design of the HDR required the steam coolant to pass four
times through the core to achieve the desirable temperature (500 °C), which means the
steam coolant has to be collected twice before leaving the reactor vessel [17]. Thus, the
HDR assembly was designed, as shown in Figure 3-21, such that the steam coolant can be
easily collected for the next path. Although the prototype HDR, when built in 1965,
simplified the design to reduce the steam paths from four to two times through the core,
the assembly was still kept as it was conceptualized. However, this design caused
difficulty in installing effective separators and dryers in the vessel, which led to the use of
gravitational separation in the HDR. In contrast, the ASBWR adopts the opposite flow
path which simplifies the overall flow configuration and allows the installation of

separators and dryers in the vessel.
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Table 3-4 Design characteristics of the HDR and ASBWR [17, 61]

HDR ASBWR
Thermal power (MWth) 100 1250
Electric power (MWe) 25 500 (goal)
Reactor pressure (bar) 90.0 71.4
Coolant inlet temperature (°C) 285 278
Coolant outlet temperature (°C) 457 520
Max cladding temp 630 <650
Flow pass through the core One pass for water One pass for water
Two passes for steam Two passes for steam
Fuel assembly array 5x5 8x8
# of fuel elements per assembly 24 60
Assembly outer dimension (cm) 17.8 19.4
Water rod No Yes
Fuel element type Annular, powder fuel Annular, pellet fuel
(85% TD) (sintered)
Enrichment (%) 5.0 5.0 ~7.5*
Fuel pin diameter (mm) 0OD:26.5 0OD:19.6
ID:13.5 ID:10.0
Fuel meat thickness (mm) 54 3.0
Cladding Inconel 625 (inner) T91 or
Tool steel (outer) Inconel 718
Cladding thickness (mm) 0.5 (inner cladding) 0.8 (inner cladding)
0.6 (outer cladding) 0.8 (outer cladding)
Active fuel length (m) 1.8 3.0
Separation In RPV (by gravity) In RPV (by separator)
Reactor internal pump No Yes

*To be determined
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Figure 3-21 Comparison of steam flow path in the HDR and ASBWR fuel assembly

343 Overall Comparison between the HDR and ASBWR

The major differences between the HDR and ASBWR are listed in Table 3-5. Compared
with the HDR, the ASBWR has the following distinguishing features.

1. Better fuel and assembly design

After only equivalent five full power days of operation, the HDR was shut down in 1971
due to deformation of the cladding tubes [92], which were mainly caused by failure of
welding and undesirable interaction between cladding and the VIPAC fuel. This is not
surprising because the performance of the VIPAC fuel for annular fuel application is still

in a premature stage and welding of Inconel and steel is questionable even using today’s
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technology. To avoid this problem, the ASBWR fuel element uses sintered pellets,
annular spring ends, bellows and only one type of material for both inner and outer
cladding. In addition, the ASBWR fuel assembly includes a square water rod and is
designed such that the flow configuration has been simplified. As a result, the ASBWR
is expected to have better fuel performance than the HDR.

2. Better flow configuration

One of the challenges associated with the annular fuel superheater concept is to provide
appropriate steam guidance and pressure head for steam to pass through multiple times in
the core. The capacity of natural circulation and gravitational separation in the HDR
was insufficient, thus the maximum achievable power level of a HDR-like design was
limited to 100 MWe [17]. To ensure an adequate steam flow, the ASBWR employs
forced circulation by means of reactor internal pumps and uses separators and dryers for
steam-water separation. Therefore, there is no restriction on reactor size for the
ASBWR and its flow configuration is considered better than that of the HDR.

3. Better technology

Perhaps the most important advantage is that the ASBWR is supported by up-to-date
technologies. There is abundant experience in operating BWRs and fossil superheaters
nowadays.  Furthermore, understanding of material science, thermal-hydraulic
principles, and reactor physics, manufacturing reliability, welding techniques, control of
water chemistry, and computing power etc. have all been improved during the past fifty
years. Consequently, it is believed that the ASBWR is very promising to realize the

nuclear superheat concept.
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Table 3-5 Major differences between the HDR and ASBWR

HDR ASBWR
Fuel design Fuel design
e Powder fuel with 85% TD e Sintered fuel pellet
e Two different materials for innerand | e Single material for both inner and
outer claddings outer claddings
¢ No water rod in the assembly e Use of water rod in the assembly
Flow configuration Flow configuration
e Natural circulation e Forced circulation
e Use of gravitational separation e Use of separators and steam dryers
¢ No reactor internal pumps e Use of reactor internal pumps
Reactor size Reactor size
e Maximum power level of 100 MWe e No restriction on reactor size
due to the capacity of natural
circulation
Others Others
o Limited experience in operating BWRs | ¢ Plenty of experience in operating
and fossil superheaters when the HDR BWRs and fossil superheaters
was built. nowadays
e 1960s’ technology e 2010’s technology

3.5 Comparison between a Conventional BWR and the ASBWR

Table 3-6 lists the main design parameters for a conventional BWR with GE11 fuel
assemblies and the ASBWR. The BWR data are obtained from Reference [110]. Fora
better comparison, the ASBWR has been designed to have the same operating pressure
and core inlet temperature as the reference BWR. The hot assembly peaking factor is
also assumed to be the same as the reference BWR. Power density and fuel enrichment
of the ASBWR will be determined by safety limits, such as the Minimum Critical Power
Ratio (MCPR) and Minimum Critical Heat Flux Ratio (MCHFR), selection of cladding
material, and other design constraints. Power split and local peaking factors are
calculated by computational tools, which are discussed in detail in Chapter 4 and Chapter
5, respectively.
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Table 3-6 Characteristics of a conventional BWR and the ASBWR [110]

Conventional BWR ASBWR
Operating pressure (bar) 71.4 71.4
Power (MWth) 3,323 1,250
Core diameter (m) 4.9 3.0 ~3.6*
Active core height (m) 3.7 3.0
Power density (kW/L) 50.5 40 ~ 60*
Specific power (kW/kg U) 24.6 20.8 ~31.2*
Fuel element geometry Solid Annular
Fuel average enrichment (w/0) 43 5.0~7.5*
Steam (inner channel
Coolant type Water Water Eoutcr channcl;
# of fuel assembly 764 160 ~ 250*
Fuel array 9x9 8x8
# of fuel rods 56,536 10,000 ~ 15,000*
Cladding material Zircaloy-2 T91 or Inconel 718
Cladding thickness (mm) 0.71 0.8
. * Steam side: 0.1

Gap thickness (mm) 0.1 Water side: 0.1

) 19.6 (outer diameter)
Fuel rod diameter (mm) 11.18 10.0 (inner diameter)
Pitch (mm) 14.3 23
Pitch to diameter ratio 1.279 1.174
Core inlet temperature (°C) 278.3 278.3
Steam outlet temperature (°C) 287.2 520.0 (goal)
Core exit quality (%) 14.0 14.1
Hot assembly exit quality (%) 244 24.2
Hydrogen to heavy metal ratio 447 442
Hot assembly power (MWth) 6.3 7.6 ~11.4*
Hot assembly power peaking factor 1.45 1.45
Local power peaking 1.29 1.25
Hot assembly mass flow rate (kg/s) 15.2 t\?v;,t;ri?dz; ‘
Hot assembly mass flux (kg/m’-s) 1644 8(6‘33; 1?2;;
Efficiency (%) 33 40 (goal)

*To be determined
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Clacliding

BWR
Gap ASBWR
BWR ASBWR
Fuel rod diameter (mm) 11.2 Inner: 10.0
Outer:19.6
; ; . T91 or
Cladding material Zircaloy-2 inconel 718
Cladding thickness (mm) 0.7 0.8
Gap thickness (mm) 0.1 0.1
Pitch to diameter ratio 1.28 AT

Figure 3-22 Comparison of a BWR fuel pin and the ASBWR annular fuel element

Figure 3-22 illustrates the difference between a typical BWR fuel pin and the ASBWR
annular fuel element. Figures 3-23 and 3-24 show the fuel assembly geometry of the
reference BWR and the ASBWR. Dimensions of these two assemblies are listed in
Table 3-7. It can be seen from Figures 3-23 and 3-24 that the ASBWR fuel assembly
and control module consists of four fuel assemblies, one cruciform control rod and water

gaps, which is similar to the BWR design.
In summary, the ASBWR has been intentionally designed to keep some of the BWR

characteristics in order to benefit from the abundant experience of BWR operation. On

the other hand, the ASBWR is distinguished from BWRs by the use of annular fuel
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elements for superheating steam. In the following chapters, results of neutronic and
thermal-hydraulic analyses are presented to display more features of the ASBWR design.
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Figure 3-23 The reference BWR assembly module (dimensions given in Table 3-7)
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Table 3-7 Dimensions of the reference BWR and ASBWR fuel assemblies

Conventional BWR ASBWR
Assembly (GE11) Assembly
Geometry 9 x 9 square 8 x 8 square
A (mm) 7.4 7.5
C (mm) 7.4 7.5
E (mm) 11.18 19.6
B (mm) -— 10.0
M (mm) 14.3 23.0
O (mm) 3.53 4.0
N (mm) 3.09 34
H (mm) 132.5 188.6
I (mm) 145.0 201.2
J (mm) 2.54 2.54
K (mm) 115.0 *
L (mm) 40.13 40.13
Q (mm) 23.37 40
R (mm) 24.89 42
P1 (mm) 1.79 -
P2 (mm) 1.55 -—-
Pitch/Diameter 1.28 1.17
Active fuel rod height (mm) 3707.9 3000.0
Total fuel Rod height (mm) 4178.7 *
Fuel pins / Water rods 742 60/1
per fuel assembly
Assembly outer dimension (mm) 137.58 193.68
322
Average rod linear power (kW/m) 15.85 (21.8 for water side
10.4 for steam side)

*To be determined
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Chapter 4

Neutronic Analysis

4.1 Introduction

Two-dimensional (2D) neutronic analysis has been performed using CASMO-4 for the
proposed ASBWR. The main purpose of the 2D neutronic analysis is to investigate the
general physical characteristics of the ASBWR. Several tasks have been carried out in
this preliminary neutronic study, including:

(1) single pin benchmark between CASMO-4 and MCNP-4C;

(2) water rod design for the ASBWR assembly;

(3) burnup calculation with various cladding materials;

(4) investigation on the desired distribution of enrichment and poison rods;

(5) calculation of void and fuel temperature reactivity coefficients;

(6) considerations for the control rod design

(7) estimation of the fuel cycle length

(8) evaluation of the impact of higher enrichment on the cost of electricity generation.

4.2 Computational Tools

4.2.1 CASMO-H4

CASMO+4 [120], developed by Studsvik, is a multi-group two dimensional transport
code written in FORTRAN 77. It is a deterministic lattice physics code used for burnup
calculations of light water reactor assemblies or pin cells. The code can deal with
geometries consisting of cylindrical fuel rods of varying compositions in a square or
hexagonal lattice. CASMO-4 is capable of accommodating various rod types such as
those containing gadolinium, burnable absorber rods, and cluster control rods etc.

422 MCNP-4C

MCNP [121] is a general purpose, generalized-geometry, continuous-energy, coupled
neutron/photon/electron Monte Carlo N-Particle transport code developed by the Los
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Alamos National Laboratory (LANL). It is used primarily for the simulation of nuclear
reactions, such as fission, but has the capability to simulate particle interactions involving
neutrons, photons, and electrons. The neutron energy regime is from 10-11 MeV to 20
MeV, and the photon and electron energy regimes are from 1 keV to 1000 MeV. MCNP
is very different from the deterministic codes, such as CASMP-4. Deterministic codes
solve the transport equation for the average particle behavior. By contrast, MCNP does
not solve an explicit equation, but rather obtains answers by simulating individual
particles and recording some aspects (tallies) of their average behavior. The models of
MCNP are very realistic as the spatial and energy treatments are in principle exact.
Therefore, given sufficient neutron histories and appropriate cross-section libraries,
MCNP can determine the neutron flux distribution very accurately.

4.3 Benchmarking: Comparison between MCNP and CASMO

In order to investigate the feasibility of using CASMO to perform neutronic analysis for
the proposed ASBWR, a benchmark study has been performed to compare the results of
CASMO against that of MCNP. A single annular fuel pin has been modeled using both
CASMO and MCNP. Input decks of this benchmark study are listed in Appendix E.
Assumptions of this benchmark study are summarized in Table 4-1.

Table 4-1 Assumptions adopted in the benchmark study

(1) T91 is used as cladding material

(2) U-235 enrichment is 4.5 w/o

(3) The active length of the annular fuel pin is 300 cm

Multiplication factor (k) at three different axial locations (z) are calculated and
(4) compared: z = 30, 150 and 290 cm. These three locations represent the bottom,
middle and top region of the fuel pin, respectively.

) Water and steam densities and void fraction at these three locations are calculated
by MASCAC*.

*MASCAC is introduced and described in Appendix B.
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Table 4-2 Results of the benchmark study

Case 1: Cladding thickness = 0.5 mm

z (cm) Density Void fraction | Multiplication Factor | Difference*
(kg/m’) (%) (k) (%)
Water Steam CASMO | MCNP
30 739.7 23.84 0.0 1.34349 1.34284 0.05
150 417.3 21.33 46.3 1.24518 1.24005 0.41
290 246.3 19.18 70.2 1.14865 1.13225 1.45

Standard deviations of MCNP at z = 30, 150, 290 cm are 0.00036, 0.00027 and 0.00039,
respectively.

Case 2: Cladding thickness = 0.8 mm

z (cm) Density Void fraction | Multiplication Factor | Difference*
(kg/m’) (%) (k) (%)
Water Steam CASMO | MCNP
30 739.7 23.84 0.0 1.25653 1.25387 0.21
150 417.3 21.33 46.3 1.15125 1.14279 0.74
290 246.3 19.18 70.2 1.05809 1.03621 2.11

Standard deviations of MCNP at z = 30, 150, 290 cm are 0.00039, 0.00027 and 0.00041,
respectively.

*Difference = (CASMO k.. — MCNPk., )/ MCNP k,,

Results of the single pin benchmark study are summarized in Table 4-2. It is observed
in Table 4-2 that CASMO always predicts higher k.. than MCNP does. In addition, the
difference between CASMO and MCNP is increased if the local void fraction is higher.
The principal cause of these differences is due to the fact that CASMO is optimized for
solid pin geometry; hence it underestimates the amount of U-238 captures by applying
self shielding within the solid pellet and not taking into account the additional captures
which occur near the fuel surface in the inner annulus [122]. At locations where the
void fraction is low, steam coolant provides insignificant moderation compared to water
coolant in the boiling region. Therefore the amount of U-238 captures near the fuel

surface in the inner annulus is also insignificant, which results in the slight difference
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between CASMO and MCNP. On the other hand, at locations where void fraction is
high, the density ratio is reduced between the water and the steam sides. Moderating
power of the steam coolant is enhanced relatively. The difference between CASMO and
MCNP is increased due to the underestimation of U-238 captures by CASMO.

The other observation from the comparison of Case 1 and Case 2 is that the difference
between CASMO and MCNP is increased if there is more T91 cladding material.
Similarly, this is due to the fact that CASMO is optimized for solid pin geometry; hence it
underestimates the amount of inner cladding captures. This effect is more noticeable in
the ASBWR than previous annular fuel BWR analyses [122] because T91 has much
stronger thermal neutron absorption cross section than zircaloy.

Considering that the average void fraction of ASBWR is close to a typical BWR, which is
about 40 ~ 45%, the difference between CASMO and MCNP is expected to be within an
acceptable range of 1%. Therefore, CASMO is selected to be used for preliminary
neutronic calculation for the ASBWR.

4.4 Two-Dimensional Neutronics

Two-dimensional neutronic calculations have been performed using CASMO for the
ASBWR. Calculation results are compared with a conventional BWR which employs
typical GE 11 fuel assemblies. Assembly dimensions of the reference BWR and
ASBWR are described in Figures 3-23, 3-24 and Table 3-7. Table 4-3 and 4-4 list the
input parameters and assumptions for the 2D neutronic calculation, respectively.
Constraints of neutronic analysis are given in Table 4-5.

4.4.1 Water Rod Design of the ASBWR Assembly

Initially the ASBWR assembly was designed with no water rods, as shown in Figure 4-1,
to increase power density. However, it was found afterwards that the burnup would be

reduced due to insufficient moderation if there are no water rods in the assembly.
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Table 4-3 Input parameters for the 2D neutronic calculation.

Reference BWR ASBWR
Active core height (m) 3.7 3.0
. 19.6 (outer diameter)
Fuel rod diameter (mm 11.18
uel rod diameter (tm) 10.0 (inner diameter)
Steam side: 0.1
Gap thickn 0.1
p thickness (mm) Water side: 0.1
Steam (i hannel
Coolant type Water (inner channel)
Water (outer channel)
Fuel array 9x9 8x8
Fuel average enrichment (w/0) 432 6.0 ~7.5*
Cladding material Zircaloy-2 T91 or Inconel 718
Cladding thickness (mm) 0.71 0.8
Cladding microscopic thermal
) ] T91:2.64
neutron absorption cross section, ¢, 0.21
Inconel 718: 4.07
(barns)
Pitch (mm) 14.3 23
Hydrogen to heavy metal ratio 4.47 442
Specific power (kW/kgU) 24.6 26.0
Power density (kW/L) 50.5 50.0
*To be determined

Table 4-4 Assumptions adopted in the 2D neutronic calculation

(1) Average void fraction is assumed as 45%

(2) Steam coolant density is assumed as 21.3 kg/m’ based on the results of MASCAC

calculation

(3) Steam coolant temperature is assumed as 757 K based on the results of MASCAC

calculation

(4) Power density is assumed as 50.0 kW/L for the ASBWR

(5) Compound of UO,-Gd,O; burnable poison rods are used

(6) Three-batch cycle is adopted
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Table 4-5 Constraints of neutronic analysis

(1) 18 to 24-month cycle

(2) 1% reactivity shutdown margin

(3) Average discharge burnup <60 MWd/kgU

(4) Peak enrichment <20%wt. (only low-enriched uranium fuel is used)

Steam down-flow
Steam up-flow
Boiling water
Water gap

Figure 4-1 Initial design of the ASBWR assembly

In addition, the existence of water rods ameliorates the void coefficient. If there are no
water rods in the assembly, the void coefficient is expected to be very negative, which
may deteriorate the nuclear/thermal-hydraulic coupled stability of the system and create
difficulty in achieving the desired shutdown margin. Therefore, the subsequent design,

as shown in Figure 3-19, incorporates a square water rod into the assembly.

4.4.2 Burnup Calculation for the Poison-free Assembly

Burnup calculation for the assemblies consisting of poison-free, uniform enrichment fuels
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has been performed using CASMO for the reference BWR and ASBWR. Table 4-6
summarizes the calculation results. Comparing Cases 1 and 2 in Table 4-6, it is found
that the single-batch burnup (B;) is increased by about 12% (from 19.39 to 21.76
MWd/kgU) when the square water rod is in the assembly. It is also observed in Table
4-6 that given the same enrichment, the ASBWR achieves much lower B; than the
reference BWR does. Apparently the main reason for the decrease in burnup is due to
the strong thermal neutron absorption cross section of T91 and Inconel 718, since the
ASBWR could achieve a similar B, to the reference BWR if zircaloy is used as the
cladding material.

Figure 4-6 shows the results of burnup calculation for the poison-free assemblies with
various uniform enrichments. In order to achieve the same B, as the reference BWR,
the enrichment of the ASBWR fuel has to be increased to above 6% when T91 is used as
cladding. If using Inconel 718 as cladding, the neutron economy is worse and requires

an enrichment of above 7% for a comparable B, to the reference BWR.

Table 4-6 Results of burnup calculation for poison free, uniform enriched fuels

Case | Reactor Cladding Water rod | Single-batch burnup, | Assembly
material B; MWd/kgU) design

1 BWR Zircaloy-2 Yes 38.38 Figure 3-23

2 ASBWR T91 No 19.39 Figure 4-1

3 ASBWR Zircaloy-2 Yes 37.16 Figure 3-19

4 ASBWR T91 Yes 21.76

5 ASBWR Inconel 718 Yes 14.98

Note: All fuels are poison-free with a uniform enrichment of 4.32 w/o
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Figure 4-2 Burnup calculation for poison free fuels with various uniform enrichments

4.4.3 Distribution of Enrichment and Poison Rods in the ASBWR Assembly

The distribution of enrichment and poison rods is designed so that the ASBWR assembly
could generate satisfactory local power peaking factors (PPF) and a comparable
single-batch burnup to the reference BWR. Figures 4-3 and 4-4 show the enrichment
design and fresh fuel PPFs of the reference BWR assembly, respectively. Infinite
multiplication factor (k) versus burnup of the reference BWR is plotted in Figure 4-5.

Three designs of the distribution of enrichment and poison rods have been proposed for
the ASBWR assembly. Figures 4-6 to 4-8 illustrate the details of these designs. The
numbers of poison rods in the three assembly designs are 8, 10 and 12, respectively.
The weight percent of gadolinium has been varied to estimate the desirable amount of
burnable poison in the assembly. Burnup calculations have been performed for a serious
of cases. Table 4-7 lists the input parameters of these simulation cases.
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U-235 Gd Note
(w/o) (w/0)
4.80 --- High enrichment
430
3.45 ---
2.60 --- Low enrichment
4.45 5.0 Gd poison rod
-—- - Water rod

Figure 4-3 Enrichment and poison rod distribution of the reference BWR

1.245 | 1260 | 1.280 | 1.170 | 1.150 | 1.170 | 1.290 | 1.270 | 1.245
1.267 | 1.149 | 1.010 | 0400 | 0920 | 0400 | 1.020 | 1.150 | 1.267
1.286 | 1.011 | 0.390 | 0.870 | 0.990 | 0940 | 0.390 | 1.040 | 1.286
1.172 | 0.398 | 0.875 0940 | 0400 | 1.172
1.156 | 0924 | 0.993 0990 | 0920 | 1.156
1.173 | 0399 | 0.936 0.880 | 0.400 | 1.173
1.290* | 1.019 | 0394 | 0936 | 0992 | 0.874 | 0.390 | 1.020 | 1.290
1.269 | 1.152 | 1.019 | 0399 | 0923 | 0398 | 1.009 | 1.147 | 1.269
1246 | 1268 | 1.288 | 1.171 | 1.154 | 1.170 | 1.283 | 1.264 | 1.241
*Highest peaking factor

Figure 4-4 Fresh fuel power peaking factors of the reference BWR
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Figure 4-5 Infinite multiplication factor versus burnup of the reference BWR

U-235 Gd Note
(w/o)* (w/o)
7.00 --- High enrichment
6.40 ---
5.50 --—-
3.50 - Low enrichment
7.50 | 2.0~6.0 | Gd poison rod
- - Water rod

* For T91 cladding

Figure 4-6 Enrichment and poison rod distribution of the ASBWR (Design A)
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U-235 Gd Note
(w/o)* (w/0)
7.00 - High enrichment
6.40
5.50 ---
3.50 --- Low enrichment
7.50 | 2.0~6.0 | Gd poison rod
- - Water rod

* For T91 cladding

Figure 4-7 Enrichment and poison rod distribution of the ASBWR (Design B)

U-235 Gd Nt
(w/o)* (w/0)
7.00 --- High enrichment
6.40
5.50 ---
3.50 --- Low enrichment
7.50 | 2.0~6.0 | Gd poison rod
- --- Water rod

* For T91 cladding

Figure 4-8 Enrichment and poison rod distribution of the ASBWR (Design C)
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Table 4-7 Input parameters of the simulation cases

. Gd weight Number of Cladding UQO; average
Case Design* . . :
percent (w/0) | poison rods material enrichment (w/0)

BWR
Ref. | Fig. 4-3 | 5.0 12 | Zircaloy-2 | 432
ASBWR
TA2 A 2.0 8 T91 6.35
TA3 A 3.0 8 T91 6.35
TA4 A 4.0 8 T91 6.35
TAS A 5.0 8 T91 6.35
TA6 A 6.0 8 T91 6.35
TB2 B 2.0 10 T91 6.39
TB3 B 3.0 10 T91 6.39
TB4 B 4.0 10 T91 6.39
TBS B 50 10 T91 6.39
TB6 B 6.0 10 T91 6.39
TC2 C 20 12 T91 6.47
TC3 C 3.0 12 T91 6.47
TC4 C 4.0 12 T91 6.47
TCS C 5.0 12 T91 6.47
TCé6 C 6.0 12 T91 6.47
1A2 A 2.0 8 Inconel 718 728
1A2-5 A 25 8 Inconel 718 7.28
1A3 A 30 8 Inconel 718 7.28
1A4 A 4.0 8 Inconel 718 7.28
IAS A 5.0 8 Inconel 718 7.28
*Design A:  see Figure 4-6;

Design A’:  see Figure 4-12;

Design B:  see Figure 4-7;

Design C: see Figure 4-8.
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The results of burnup calculation for the ASBWR using T91 as cladding are plotted in
Figures 4-9 ~ 4-11. It can be found in Figures 4-9 ~ 4-11 that, regardless of the
gadolinium weight percent, all the three designs give approximately the same
single-batch burnup of 37.5 MWd/kgU as the reference BWR. The other important
observation is that, compared with Figure 4-5, the ASBWR does not burn gadolinium as
efficiently as the reference BWR does. In Figures 4-9 to 4-11, the peak of k.. is not
noticeable and it seems to take more time to completely burn out the gadolinium. The
main cause of this inefficient burning of gadolinium is due to the fact that the ASBWR
neutron spectrum is somehow harder than the reference BWR. Since the hydrogen to
heavy metal ratio (H/HM) is about the same for the two reactors as shown in Table 4-3,
the principal reason for neutron spectrum hardening is due to the additional enrichment of

U-235 and the stronger cladding absorber.

1.3
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Figure 4-9 Infinite multiplication factor versus burnup of the ASBWR (Design A)

123



1.3
' —— Design B, Gd 5.0%
1.2 ' —— Design B, Gd 4.0%
115 | — Design B, Gd 3.0%
) —— Design B, Gd 2.0%
Py .
E 1.1
3 105 P S
1 L
0.95 |
09
085 il 1 1 i 1 1 1 1 1 L

0 5 0 15 20 25 30 35 40 45 50 55 60
Burnup, B (MWd/kgU)

Figure 4-10 Infinite multiplication factor versus burnup of the ASBWR (Design B)
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Figure 4-11  Infinite multiplication factor versus burnup of the ASBWR (Design C)
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Table 4-8 Comparison of fast-to-thermal neutron flux ratio (poison-free case)

BWR ASBWR ASBWR ASBWR
Cladding Zircaloy-2 Zircaloy-2 T91 Inconel 718
U.-23.5 et-mchment Uniform Uniform Uniform Uniform
distribution
Average U-235

4.32 4.3 . .
enrichment (w/0) 3 2 432 4.32
Assembly array 9x9 8x 8 8§x8 8x8
Number of Gd rods 0 0 0 0
Fast-to-thermal flux 5.104 5229 5.434 5.547
ratio ( or / 1)
Difference (%)* --- +2.5 + 6.5 + 8.7

Note: Results are calculated for fresh fuel using CASMO.

* Difference = [ ( ¢r / ¢1)asswr — (¢r / d1)wr 1/ (OF / b1 )BWR

Table 4-9 Comparison of fast-to-thermal neutron flux ratio (poison rod case)

BWR ASBWR ASBWR
Cladding Zircaloy-2 T91 Inconel 718
U-235 enrichment Non-uniform Non-uniform Non-uniform
distribution (Figure 4-3) (Figure 4-6) (Figure 4-12)
Average U-235 432 6.35 7.28
enrichment (w/0) ) ) )
Assembly array 9x9 8x8 8x8
Number of Gd rods 14 8 8
Gd weight percent (w/0) 5.0 5.0 5.0
B; MWd/kgU) 37.5 37.5 37.5
Fast-to-thermal flux ratio
Coe/ b1) 5.492 7.009 7.668
Difference (%)* --- +27.6 +39.6
Note: Results are calculated for fresh fuel using CASMO.

* Difference = [ ( ¢/ dr)asswr — (06 / d1)swr 1/ (O / $1)aWr

125




Tables 4-8 and 4-9 list the comparison of fast-to-thermal neutron flux ratio ( ¢¢ / ¢r ) for
the poison-free and poison rod cases, respectively. In Table 4-8, it can be seen that the
doubled cladding material in the ASBWR results in a slightly higher fast-to-thermal
neutron ratio than the reference BWR. Moreover, the difference in fast-to-thermal
neutron flux ratio increases if the cladding material has a stronger thermal neutron cross
section. For the practical design of the ASBWR assembly, results in Table 4-8 indicate
that the difference increases further due to the addition of U-235 enrichment. In
principle, a higher fast-to-thermal neutron flux ratio represents a harder neutron spectrum.
Therefore, it can be concluded that the ASBWR tends to have a harder neutron spectrum
than BWRs mainly because of the additional enrichment for attaining a comparable

burnup.

In consideration of the fact that gadolinium-poisoned rods increase fabrication costs,
heterogeneity and deteriorates fuel performance, Design A has been selected for the
ASBWR assembly since it contains fewer poison rods compared with the other designs.
The weight percent of gadolinium has been decided to ensure that the core average
multiplication factor remains above 1.0 till the end of cycle (EOC). First, the discharge
burnup is computed using the linear reactivity model [123]

2n
B,=(2)B 4-1
=B, @D
where
n =  number of batches
By = discharge burnup (MWd/kgU)
B, =  single-batch burnup MWd/kgU).

Thus, the discharge burnup is 56.25 MWd/kgU given the assumed three-batch cycle and
single-batch burnup of 37.5 MWd/kgU. The multiplication factors of the once-burned,
twice-burned and thrice-burned assemblies (k;, k; and k3) could be estimated at burnup
equal to 18.75, 37.5 and 56.25 MWd/kgU in Figure 4-9, respectively. Then the core
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average multiplication factor can be obtained by averaging ki, k» and ks.

Table 4-10 summarizes the calculation results of the core average multiplication factors at
EOC. As shown in Table 4-10, if T91 is used as cladding, gadolinium should not
exceed 3.0 weight percent, otherwise criticality may not be sustained till the end of cycle.

Similar analyses have been performed for the Inconel 718 cladding. Figure 4-12 shows
the distribution of enrichment and poison rods for the assembly using Inconel 718
cladding. Results of infinite multiplication factor versus burnup are plotted in Figure
4-13. As shown in Table 4-10, if using Inconel 718 as cladding, gadolinium should not
exceed 2.5 weight percent in order to stay critical till the end of cycle.

For the following analysis, TA3 and IA2-5 are selected as the base cases because of their
lower initial multiplication factors, which imply a lower peaking factor of the fresh

assembly.

Table 4-10 Calculation results of the core average multiplication factors at EOC

Case Gd weight k, k, ks btk th
percent (w/o) 3
TA2 2.0 1.12752 1.00096 0.88241 1.00363
TA3 3.0 1.12217 0.99994 0.88184 1.00132
TA4 4.0 1.10995 0.99903 0.88135 0.99677
TAS 5.0 1.09063 0.99820 0.88089 0.98990
TA6 6.0 1.06901 0.99743 0.88050 0.98231
1A2 2.0 1.11534 1.00085 0.89045 1.00221
IA2-5 2.5 1.11121 1.00026 0.89006 1.00051
IA3 3.0 1.10531 0.99974 0.88972 0.99826
1A4 40 1.08851 0.99872 0.88907 0.99210
IAS 5.0 1.06906 0.99766 0.88847 0.98506
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U-235 Gd Note
(w/o)* (w/o)
8.00 - High enrichment
7.40 -—-
6.30 ---
4.20 - Low enrichment
8.30 2.5 Gd poison rod
--- -—- Water rod

* For Inconel 718 cladding

Figure 4-12  Enrichment and poison rod distribution of the ASBWR assembly using
Inconel 718 cladding
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Figure 4-13  Infinite multiplication factor versus burnup of the ASBWR assembly using
Inconel 718 cladding
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4.4.4 Assembly Power Peaking Factors

Fresh fuel power peaking factors of the ASBWR using T91 and Inconel 718 claddings are
shown in Figures 4-14 and 4-15, respectively. These PPFs are calculated by CASMO
based on the simulation cases of TA3 and 1A2-5 in Table 4-7.

1.182 | 1.245 | 1.182 | 1.148 | 1.148 | 1.182 | 1.244 | 1.183

1.245* | 0.926 | 0.511 | 0.888 | 0.888 | 0.511 | 0.926 | 1.245
1.183 | 0.511 | 0.856 | 1.042 | 1.042 | 0.856 | 0.511 | 1.184
1.150 | 0.889 | 1.043 1.043 | 0.888 | 1.150
1.150 | 0.888 | 1.043 ' 1.043 | 0.889 | 1.150
1.184 | 0.511 | 0.855 | 1.042 | 1.042 | 0.855 | 0.511 | 1.183
1.245 | 0.926 | 0.511 | 0.888 | 0.888 | 0.511 | 0.926 | 1.245
1.183 | 1.244 | 1.182 | 1.148 | 1.148 | 1.182 | 1.245 | 1.183
*Highest peaking factor

Figure 4-14 Fresh fuel PPFs of the ASBWR using T91 cladding

1.232* | 1.231 | 1.181 | 1.145 | 1.145 | 1.180 | 1.231 | 1.232
1.231 | 0913 | 0.530 | 0.869 | 0.869 | 0.530 | 0.913 | 1.231
1.182 | 0.530 | 0.850 | 1.045 | 1.045 | 0.850 | 0.530 | 1.182
1.147 | 0.869 | 1.045 1.045 | 0.869 | 1.147
1.147 | 0.869 | 1.045 1.045 | 0.869 | 1.147
1.182 | 0.530 | 0.850 | 1.045 | 1.045 | 0.850 | 0.530 | 1.182
1.231 | 0913 | 0.530 | 0.869 | 0.869 | 0.530 | 0.913 | 1.231
1.232 | 1.231 | 1.180 | 1.145 | 1.145 | 1.181 | 1.231 | 1.232

*Highest peaking factor

Figure 4-15 Fresh fuel PPFs of the ASBWR using Inconel 718 cladding
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4.4.5 Void and Fuel Temperature Reactivity Coefficients

Assembly-wise void and fuel temperature reactivity coefficients have been computed for
both the reference BWR and ASBWR. In this calculation, control rods are assumed to
be not present in the core. The main purpose of this calculation is to investigate the
magnitude of void and fuel temperature coefficients relative to the reference BWR.

The void coefficient of a typical BWR characterizes the moderating power of the coolant.
Since the ASBWR has approximately the same hydrogen to heavy metal ratio as the
reference BWR, an increase in flow area leads to an increase of coolant worth and will
result in more negative void coefficient. The increase in flow area can be observed by

comparing the flow dimensions shown in Table 3-7.

The Calculated void and fuel temperature reactivity coefficients are summarized in Table
4-11. As shown in Table 4-11, the void coefficients of the ASBWR are higher (more
negative) than that of the reference BWR. In addition, the fuel temperature coefficients
of the ASBWR are also slightly higher (more negative) than that of the reference BWR.
To calculate more accurate void and fuel temperature coefficients, a full core analysis is
needed and the calculations should take into account the effects of control rods.

Table 4-11 Calculation results of the void and fuel temperature coefficients

Cladding Void coefficient Fuel temperature Case

material (pc/ % void) coefficient (pcm / K) description
BWR Zircaloy-2 -58.3 -1.72 Ref., Table 4-7
ASBWR T91 -67.1 -1.78 TA3, Table 4-7
ASBWR | Inconel 718 -73.5 -1.81 IA2-5, Table 4-7
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4.4.6 Considerations for the Control Rod Design

Due to the harder spectrum and larger assembly dimensions, the ASBWR is expected to
require either stronger control materials or a higher control rod number density to obtain

a desirable shutdown margin.

Table 4-12 lists the design specifications of the ASBWR and the Advanced Boiling Water
Reactor I (ASBWR-II) [110]. Table 4-13 lists the main design objectives of the
ASBWR-II. To meet the design objectives, the ABWR-II uses a 1.5 times larger fuel
bundle with a K-lattice control rod pattern. Figure 4-16 illustrates the K-lattice and the
conventional N-lattice designs [124].

Table 4-12 Design specifications of the ABWR-II and ASBWR

ABWR-II ASBWR
Power density (kW/L) 58.1 50.0
Specific power (kW/kgU) 26.1 26.0
Active core height (m) 3.7 3.0
Assembly outer dimension (cm)* 214 194
Hydrogen to heavy metal ratio 3.58 442

*The assembly outer dimension is 13.8 cm for a conventional BWR.

Table 4-13 Main design objectives of the ABWR-II [110]

(1) Achieve 15% power density uprate while keeping the same safety margin as the
current ABWR core design

(2) Achieve enough flexibility for future high burnup and longer cycle operation

(3) Reduce the number of fuel assemblies to simplify and shorten refueling outages
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Figure 4-16 Comparison of the conventional and ABWR-II control rod designs [124]

As shown in Table 4-12, the ASBWR has a similar assembly dimension to the ABWR-II.
In addition, the ABWR-II also has a harder neutron spectrum than conventional BWRs
due to the increased heavy metal inventory [110]. Therefore, the large K-lattice control
rod pattern may be applied to the ASBWR as well.

On the other hand, if the conventional N-lattice control rod pattern is used, the absorbing
material inside the control rod should have stronger reactivity worth and/or the control
blade width should be increased. The required control rod composition and dimensions
of a fresh assembly at cold zero power have been investigated. Calculation results are
summarized in Table 4-14. As shown in Table 4-14, the absorbing material selected for
the ASBWR control rod is 80% enriched boron carbide. The required control blade
width to satisfy the 1% shutdown margin are 16.25 and 17.1 cm for the assembly using
T91 and Inconel 718 cladding, respectively. However, the reactor core contains not only
fresh assemblies but also once-burned and twice-burned assemblies. The control rod
design should be further studied using a full core model to determine which rod pattern,
N-lattice or K-lattice, is more favorable for the ASBWR.
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Table 4-14  Control rod design of the ASBWR

Control rod pattern N-lattice design

Absorbing material 80% enriched boron carbide (B4C)
Radius of the absorbing cylinder 0.3cm

Pitch between absorbing cylinders | 0.72 cm

Cladding material T91 Inconel 718
Control rod length 16.25 cm 17.40 cm
Infinite multiplication factor 0.98989 0.98976

4.5 Estimation of Fuel Cycle Length

The fuel cycle length has been estimated for the ASBWR. Table 4-15 lists the results
for two-batch and three-batch cores. For the base case, a power density of 50 kW/L and

a three-batch core are assumed, which leads to an approximately 24-month cycle length.

Table 4-15 Estimation of the ASBWR fuel cycle length

Power density | Specific power | Number of | Discharge burnup | Cycle length
(kW/L) (kW/kgU) batches MWd/kgU)* (month)
40 20.8 2 50.0 39.5
45 234 2 50.0 35.2
50 26.0 2 50.0 31.6
55 28.6 2 50.0 28.8
60 31.2 2 50.0 264
65 33.8 2 50.0 24.3
70 36.3 2 50.0 22.6
40 20.8 3 56.25 29.7
45 234 3 56.25 26.4
50 26.0 3 56.25 23.7
55 28.6 3 56.25 21.6
60 312 3 56.25 19.8
65 33.8 3 56.25 18.3
70 36.3 3 56.25 16.9

* Discharge burnup is calculated by Eq. (4-1) with B; = 37.5 MWd/kgU.
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4.6 Impact of Enrichment on the Cost of Electricity

A preliminary economic analysis has been performed to evaluate the impact of the
ASBWR’s higher enrichment on the cost of electricity. Assumptions of this preliminary
economic analysis are listed in Table 4-16. The separative work unit (SWU) is calculated
based on a 0.3% tails assay. Figure 4-17 shows a typical cost breakdown of nuclear
electricity generation [133]. It can be seen that the cost of uranium purchase and
enrichment is about 12% of the busbar cost. For a better comparison, the reactor size of
the ASBWR is assumed to be the same (3000 MWt) as the reference BWR. Except for
the uranium purchase and enrichment cost, the rest of the plant cost is assumed to be the
same for the reference BWR and ASBWR.

Results of the analysis are summarized in Table 4-17. As shown in Table 4-17, the
uranium purchase and enrichment cost of the ASBWR is increased by 24 ~ 45% due to
the higher enrichment. The cost of electricity generation is reduced by 9 ~ 12% given
the assumed plant efficiency. The reduction in the cost of electricity generation might
be slightly overestimated since the ASBWR fuel fabrication cost is expected to be higher
than the reference BWR. A thorough economic analysis of the cost of the fuel assembly

fabrication is needed and is recommended for the future work.

O&Mm
23%

Back-end, 5%

Fabrication,
3%

Fuel Cycle

20% Enrichment,

6%

Conversion,
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Capital S

57% Uranium ore,

5%

Figure 4-17 Breakdown of the nuclear electricity generation cost [133]
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Table 4-16 Assumptions adopted in the preliminary study of cost of electricity

M

Natural UF; price is $130 per kilogram uranium [132]

@

SWU price is $153 per SWU [132]

A3)

Plant efficiency is 33% for the reference BWR and is 40% for the ASBWR

@)

Power density is 50 kW/L for both the reference BWR and ASBWR

®)

Thermal power output is 3000 MWt for both the reference BWR and ASBWR

©)

Discharge burnup is 50 MWd/kgU for both the reference BWR and ASBWR

¢

The fraction of uranium purchase and enrichment cost is 12% of the total cost of

electricity generation [133]

®

Except for the uranium purchase and enrichment cost, the rest of the plant cost is

assumed to be the same for the reference BWR and ASBWR

The fuel cycle length and capacity factor is assumed the same for the reference

©) BWR and ASBWR
Table 4-17 Results of the preliminary economic study
Reference BWR ASBWR
Thermal power (MWt) 3000 3000
Plant efficiency (%) 33 40
Electric power (MWe) 990 1200
Power density (kW/L) 50 50
Specific power (kW/kgU) 25 26
Discharge burnup (MWd/kgU) 50 50
Cladding material Zircaloy-2 T91 Inconel 718
Average fuel enrichment (w/o0) 4.32 6.35 7.28
Total amount of fuel (ton) 134 130 130
Separative work (SWU) 717,722 1,137,856 1,353,225
Cost of uranium purchase and 0.57 0.70 0.82
enrichment (cents/kWe-hr)* (+24%) (+45%)
Cost of electricity generation 472 4.16 427
(cents/’kWe-hr)* (-12%) (-9%)

*Compared with the cost of the reference BWR

135




136



Chapter 5
Steady State Thermal-hydraulic Analysis

The main objective of the steady-state thermal-hydraulic analysis is to select the
assembly thermal power and identify safety margins and thermal-hydraulic performance
of the ASBWR. The MIT ASBWR Single Channel Analysis Code (MASCAC) and
VIPRE-01 are used for the single channel analysis and assembly subchannel analysis,
respectively.

5.1 Computational Tools

5.1.1 The MIT ASBWR Single Channel Analysis Code

Due to the unique design of the superheater annular fuel elements and flow configuration,
it is difficult to find an existing commercial code which can be directly used for
preliminary thermal-hydraulic analysis for the ASBWR. As a result, the MIT ASBWR
Single Channel Analysis Code (MASCAC) has been developed in order to serve this

purpose.

MASCAC is programmed in the MATLAB compilerr It is a steady-state,
two-dimensional numerical solver, which uses a finite difference approach to calculate
the temperature distribution in the fuel region. MASCAC has been benchmarked
against the modified FRAPCON-ANNULAR code [113] and the results predicted by
these two codes are in good agreement. Detailed descriptions of MASCAC and the
benchmark study are given in Appendix B.

5.1.2 VIPRE-01

VIPRE-01 [125] is a subchannel analysis tool designed for general-purpose
thermal-hydraulic analysis of the LWR cores under normal operating conditions,
operational transients, and events of moderate severity. VIPRE-01 predicts the three
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dimensional velocity, pressure, enthalpy and fuel temperature distributions for single and
two phase flow in PWR and BWR cores. The code solves the finite difference mixture
equations for mass, energy and momentum conservation for an interconnected array of
channels, assuming incompressible thermally expandable flow. Although the
formulation is based on the mixture equations, empirical models are incorporated for

subcooled boiling and vapor/liquid slip in two-phase flow.

The main purpose of using VIPRE-01 in this study is to calculate the dryout margin
(MCHFR) for the ASBWR and reference BWR fuel assemblies. Because VIPRE-01 is
not developed for multiple automatic runs, a script file written in MATLAB is used to
generate the VIPRE input files for the sensitivity study. The script file for generating
VIPRE input files is included in Appendix C.

5.2 Thermal-hydraulic Constraints for the ASBWR

As described in Chapter 3, the ASBWR is a unique design which arranges the reactor
core, by using annular fuel elements, to serve both boiling and superheating functions.
Consequently, almost all the design constraints of BWR are applied to the ASBWR due to
boiling of coolant in the vessel. In addition, some of the constraints related to high
temperature gas cooled reactors may be also applied to the ASBWR.

Table 5-1 lists the major thermal-hydraulic constraints of the ASBWR. For the water
side (boiling region), the major constraint is the Minimum Critical Heat Flux Ratio
(MCHFR), which is set to prevent cladding failure due to dryout. In this study, the
ASBWR is required to have the same or higher MCHFR than the reference BWR. For
the steam side (superheating region), the major constraint is the maximum cladding
temperature, which is set to prevent cladding failure due to thermal creep, loss of strength,
excessive thermal expansion, and other high-temperature related concerns. For the T91
and Inconel 718, the maximum allowable working temperatures are 650 and 850 °C,
respectively.

138



For the whole system, stability and total pressure drop are the two important issues. The
constraint has been set that the ASBWR should have comparable or better performance in
terms of the thermal-nuclear coupled stability than the reference BWR. The results of
stability analysis of the ASBWR are compared with the results of the reference BWR and
described in Chapter 6. Moreover, the ASBWR is expected to have a considerable
pressure drop due to the superheated steam flowing with high velocities in the core. In
this preliminary study, the ASBWR is designed to have a pressure drop low enough so
that the required pumping power is equal to that of the reference BWR. This also limits
the maximum steam velocity in the annular fuels and thus alleviates the concerns of

erosion and vibration induced by the high velocity superheated steam.

Table 5-1 Major thermal-hydraulic constraints of the ASBWR

(1) | Minimum Critical Heat Flux Ratio (MCHFR)
The ASBWR should have the same or higher MCHFR on the water side than that

of the reference BWR. The MCHFR of the reference BWR is 1.23.

(2) | Maximum cladding temperature
The maximum cladding temperature should be lower than the maximum

allowable working temperature of the cladding material. For T91 and Inconel
718, the working temperatures are limited to 650 and 850 °C, respectively.

(3) | Thermal-nuclear coupled stability
The ASBWR should have comparable or better performance in terms of the

thermal-nuclear coupled stability than the reference BWR

(4) | Pressure drop
The pressure drop should be low enough so that the required pumping power is

equal to that of the reference BWR.
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5.3 Single Channel Analysis

5.3.1 Assumptions

Table 5-2 lists the assumptions adopted in the single channel analysis. Operating
conditions and fuel element dimensions are listed in Tables 3-6 and 3-7. Figure 5-1

shows the axial power profiles of the ASBWR and reference BWR.

Table 5-2 Assumptions adopted in the single channel analysis

(1) | Hot channel factor is assumed to be 1.45, which is the same as the reference BWR.

(2) | A typical BWR axial power profile is used for the ASBWR (Figure 5-1).

(3) | Power density is assumed to be 50 kW/L for the base case.

(4) | The length of the unheated region is assumed to be 20 cm (Figure 5-2).

(5) | Steam coolant is preheated to 290 °C (2.8 °C superheat) before reentering the core.

(6) | Steam inlet flow rate is adjusted by the orifices located on the steam coolant
distributor (Figure 3-3). The steam flow rate in the hot channel is assumed to be
40% higher than the average steam flow rate.

16 - — Reference BWR
- ASBWR

Power Peaking Factor
o o o
P o o™

Q
o N

1 L 1 1

0 50 100 150 200 250 300 350 400
Axial distance (cm)

Figure 5-1 Axial power profiles of the ASBWR and reference BWR
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5.3.2 Heat Loss in the Unheated Region

Figure 5-2 shows the axial coordinate of the ASBWR single channel model. Detailed
description of this single channel model is given in Appendix B. As shown in Figure
5-2, the length of the unheated region is h; while the fuel active region is 300 cm long.
Due to the high temperature difference between the superheated steam and the subcooled
water, the superheated steam is expected to lose some heat in the unheated region. The
amount of heat loss is depending on the length of the unheated region, h;. Heat loss of
steam in the unheated region has been calculated using MASCAC and the results are

summarized in Table 5-3. Cladding material is T91 in this calculation.

Figure 5-2  Axial coordinate of the ASBWR single channel model
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Table 5-3 Heat loss of steam in the unheated region

Location* A B E G
Water temperature (°C) Steam temperature (°C)
h1 (cm) TA TB TB - TA TE TG TE - Tc,
15 278.3 279.3 0.97 404.9 390.2 14.7
20 278.3 279.6 1.29 404.9 385.8 19.1
25 278.3 280.0 1.65 404.9 381.5 234
30 278.3 280.3 2.01 404.9 3774 27.5

*Locations refer to Figure 5-2

As shown in Table 5-3, the heat loss of steam could be 27.5 °C, which leads to an
increase of 2 °C in water temperature, if the unheated region is 30 cm. Since the steam
temperature is expected to be raised from 288 °C to about 520 °C, a loss of 27.5 °C is
actually more than 10% of the absorbed energy. In general, the unheated region should
not be too long otherwise the outlet steam temperature would be lower, and thus the plant
efficiency is reduced. However, the length of the unheated region may be extended

intentionally in order to obtain a desirable power split.

For this preliminary study, the unheated region is assumed to be 20 cm in the following

analyses.

5.3.3 Axial

191 cladding

Temperature Profiles

Axial temperature profiles of the hot channel with T91 cladding are plotted in Figures 5-3

~5-5. The axial coordinate is given in Figure 5-2. The unheated region is from -20 to

0 cm while the fuel active region is from 0 to 300 cm.

Figure 5-3 shows the water and outer cladding temperatures.
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since there is no heat supplied from a fuel to the cladding material, the temperature near
the inner surface of the outer cladding is plotted. As shown in Figure 5-3, water
temperature starts to increase in the unheated region and gradually reaches the saturated
temperature. The heat source in the unheated region is the high temperature superheated
steam. The outer cladding temperature drops at the bottom of the fuel active region (z =
0) because: 1) axial conduction is not taken into account in MASCAC and 2) in the
unheated region, the outer cladding exchanges heat with the superheated steam via
conduction while in the fuel active region the heat source and the outer cladding are
separated by gaps. Thus, the outer cladding has a much lower temperature in the heated

region.

Figure 54 shows the steam, inner cladding and peak fuel temperatures in the steam
down-flow channel. Likewise, in the unheated region, the temperature near the inner
surface of the inner cladding is plotted. As shown in Figure 5-4, steam is heated from
point D to near the bottom of the fuel active region. Due to the low heat generation rate,
at z = 3.6 cm the fuel temperature is below the steam temperature and the fuel is heated
by steam from z = 3.6 to 0 cm. This particular “reverse heating” can be observed more
clearly in the radial temperature profile, which is given in the next section. Fromz=3.6
to -20 cm, it can be seen that the steam temperature is decreasing and superheat is slightly
reduced.

Figure 5-5 shows the steam, inner cladding and peak fuel temperatures in the steam
up-flow channel. The maximum cladding and fuel temperatures are found to be 616.2
and 921.1 °C, respectively. It is also observed that the steam is losing superheat not
only in the unheated region but also near both ends of the fuel active region.

The steam outlet temperature, inner cladding and maximum fuel temperatures in the
average and hot channels are plotted and compared in Figures 5-6 ~ 5-8. The steam
outlet temperatures are 520.8 and 548.5 °C for the average and hot channels, respectively.

Table 5-5 summarizes the results of the comparison.
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Figure 5-3 Axial temperature profiles of the water side (Hot channel, T91 cladding)
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Figure 5-4 Axial temperature profiles of the steam side
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Table 5-4 Comparison between the temperatures
in the average and hot channels (T91 cladding)

T91 cladding Inconel 718 cladding
Average Hot Average Hot
channel | channel | channel channel
Steam outlet temperature (°C) 520.8 548.5 524.6 551.9
Maximum cladding temperature (°C) | 576 6162 | 5842 626.5
Maximum fuel temperature (°C) 756.3 921.1 767.8 936.7

Inconel 718 cladding

Axial temperature profiles of the hot channel with Inconel 718 cladding are plotted in
Figures 5-9 ~ 5-11. Figure 5-9 shows the water and outer cladding temperatures.
Compared with Figure 5-3, the Inconel 718 cladding has a higher temperature due to its
relatively low thermal conductivity. The outer cladding temperature of Inconel 718 is

about 350 °C, which is 25 °C higher than that of T91.

Figures 5-10 and 5-11 show the steam, inner cladding and peak fuel temperatures in the
The “reverse heating” (i.e., steam
is heating the fuel meat) is also observed near both ends of the fuel active region in

steam down-flow and up-flow channels, respectively.
Figure 5-11.

The steam outlet temperature, inner cladding and maximum fuel temperatures in the
average and hot channels are plotted in Figures 5-12 ~ 5-14. The steam outlet

temperatures are 524.6 and 551.9 °C for the average and hot channels, respectively.

Table 5-4 summarizes the results of the comparison.
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5.3.4 Radial Temperature Profiles

Figure 5-15 shows the radial coordinate of the ASBWR single channel model. Radial
temperature profiles of the hot steam up-flow channel with the T91 cladding are plotted
in Figures 5-16 ~ 5-19. Figure 5-16 shows the radial temperature profile at z = -10 cm
(middle of the unheated region). In the unheated region, the high temperature steam is
losing superheat and the subcooled water temperature is increasing. Figure 5-17 shows
the radial temperature profile at z = 2.0 cm, which is near the bottom of the fuel active
region. Due to the low heat generation rate in the fuel meat, fuel temperature is lower
than steam temperature, and thus the steam is heating the claddings, gaps, fuel meat and
water. This “reverse heating” occurs near both ends of the fuel active region in the
steam up-flow channel. In the steam down-flow channel, “reverse heating” is observed
only near the bottom end of the fuel active region because at the top end (steam coolant
inlet), both the water and steam sides are at saturated temperature.

Figure 5-18 shows the radial temperature profile at z=93.7 cm, where the maximum fuel
temperature of 921.1°C is found near r = 7.0 mm. Figure 5-18 illustrates the typical
radial temperature profile of the ASBWR fuel. Figure 5-19 shows the radial
temperature profile at z = 292 cm, which is near the top end of the fuel active region.
Again, “reverse heating” is observed due to the high steam temperature and the low heat

generation rate in the fuel.

Radial temperature profiles of the hot steam up-flowing channel with Inconel 718
cladding are plotted in Figures 5-20 ~ 5-23. Similar trends can be found in these figures
but the temperatures are slightly higher because of the somewhat lower thermal
conductivity of Inconel 718.
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5.3.5 Impact of Power Density on Steam, Cladding and Fuel Temperatures

Increasing the power density is an effective approach to improve the economic
attractiveness of nuclear reactors. The capital cost of a typical BWR is of the order of
65% of the total power cost. If more energy can be extracted from an existing reactor or
the physical size of a reactor can be reduced, the total cost of nuclear power generation
may be reduced considerably.

A series of calculations has been performed to investigate the potential to increase the
power density of the ASBWR design. In this sensitivity study, the power density and
core flow rate are increased proportionally to maintain the same exit quality. The goal is
to maximize the power density while meeting all the requirements listed in Table 5-1.
For the single channel analysis, the main constraint is the maximum cladding
temperature.
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The results are summarized in Figures 5-24 and 5-25. Figure 5-24 shows the average
steam outlet temperature and the maximum T91 cladding and fuel temperatures. It can
be found that for T91 cladding, if the power density is below 50 kW/L, the steam outlet
temperature would be below 520 °C and the design plant efficiency of 40% may not be
obtained. On the other hand, the higher the power density, the higher the cladding
temperature. As shown in Figure 5-23, a power density higher than 65 kW/L would
result in a maximum cladding temperature beyond the 650 °C working limit of T91.
Therefore, Inconel 718 should be considered as the preferable cladding material for such
a high power density design.

Figure 5-25 shows the average steam outlet temperature and the maximum Inconel 718
cladding and fuel temperatures. As shown in Figure 5-25, the power density can be
increased to 80 kW/L while the maximum cladding temperature is still much lower than
the 850 °C working limit of Inconel 718. However, other constraints, especially for
long term fuel performance, should also be taken into account to evaluate the feasibility
of the cladding material under high power density operation.
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Figure 5-24  Sensitivity of power density for T91 cladding
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5.3.6 Steam Velocity and Pressure Drop

Steam velocity and the steam core pressure drop have been calculated by MASCAC.
The total steam core pressure drop is the sum of acceleration, friction, gravity and form

pressure drops [117]:

Ap rotal — Apac‘c F Ap Jric + Apgraviry + Ap JSorm (5‘1)
Apuw =P V22 — P V12 (5_2)

_/0 2
Ap iy = jo 5, o) V(D! (5-3)
Apgravﬂ)! = pgh (5-4)
VZ

Apfarm :ZKr(pz ) (5-5)
where
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AP,
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Re
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Table 5-5

increases as the power density increases.
average exit steam velocity is about 50 m/s.
BONUS reactor which had a power density of 33.6 kW/L and an average exit steam

velocity of 37.2 m/s [8]. However, the ASBWR needs a further study on the erosion and

total pressure drop (kPa)

pressure drop due to acceleration (kPa)
pressure drop due to friction (kPa)
pressure drop due to gravity (kPa)
pressure drop due to form loss (kPa)
density (kg/m’)

velocity (m/s)

friction factor
0.316Re™*% for Re<30,000 (Blasius)

0.184Re™? for 30,000 <Re <1x10° (McAdams)
0.0056+0.5Re™** for 1x10° <Re <3x10° [126]

Reynolds number
pPVD,
7]

viscosity (Pa-s)

hydraulic equivalent diameter (m)

gravity = 9.8 (m/s%)

height (m)

form loss coefficient

04 for pipe entrance from a plenum [117]
04 for 180° elbows and return bend [131]
1.0 for pipe exit to a plenum [117]

summarizes the calculation results. As shown in Table 5-5, steam velocity
Given a power density of 50 kW/L, the
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vibration issues since the steam is flowing with high velocities in the small inner channels
of the annular fuel. Furthermore, it can be seen in Table 5-5 that an increase in power
density leads to a considerable increase in the core pressure drop. For example, if the
power density is increased by 50% (from 40 to 60 kW/L), the total pressure drop would
be increased by more than 100% (from 315.3 to 692.5 kPa). The need of additional
pumping power would also reduce the margin to increase the power density.

Table 5-5 The predicted exit steam velocity and total steam pressure drop

ASBWR with T91 cladding
. Average channel Hot channel Hot channel
Power density
Exit steam Exit steam Total steam core
&W/L) . .
velocity (m/s) velocity (m/s) pressure drop (kPa)

40 38.0 59.6 3153

45 43.5 68.1 396.5

50 49.1 76.6 486.3

55 54.8 85.2 585.1

60 60.5 93.8 692.5

65 66.2 102.5 808.4

70 72.0 111.2 933.3
ASBWR with Inconel 718 cladding

Average channel Hot channel Hot channel
Power density
Exit steam Exit steam Total steam core
(kW/L) :
velocity (m/s) velocity (m/s) pressure drop (kPa)

50 50.1 78.1 501.7

55 559 86.8 603.5

60 61.7 95.6 714.1

65 67.6 104.4 833.9

70 73.4 113.3 962.4

75 79.3 122.2 1099.9

80 85.3 131.1 1246.5
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5.3.7 Water Power Split Fraction

Water power split fraction or power split ratio is defined as the amount of heat transferred
by the water coolant divided by the total heat generation. It is .one of the most important
factors that affect the overall performance of the ASBWR. One of the design challenges
for the ASBWR is to achieve a desirable power split during the whole fuel cycle.

Table 5-6 shows the calculated results of power split. Since the effectiveness of the
steam side heat transfer is a function of Reynolds number, the higher the steam velocity,
the higher the heat transfer coefficient in the steam-cooling region. An increase in
power density leads to a higher steam velocity, and thus power split is reduced because
more heat is absorbed by the steam coolant.

Table 5-6 Calculation results of water power split fraction

T91 cladding
Power density (kW/L) | Average channel power split Hot channel power split
40 0.759 0.720
45 0.748 0.712
50 0.739 0.704
55 0.731 0.697
60 0.723 0.690
65 0.715 0.683
70 0.708 0.675
Inconel 718 cladding
Power density (kW/L) | Average channel power split Hot channel power split
50 0.732 0.696
55 0.724 0.689
60 0.716 0.683
65 0.709 0.678
70 0.703 0.672
75 0.697 0.666
80 0.692 0.661
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5.4 Assembly Subchannel Analysis

5.4.1 Assumptions

The water side of the ASBWR assembly has been modeled and analyzed using VIPRE.
Figure 5-26 shows the VIPRE model of the ASBWR assembly. Table 5-7 lists the
assumptions adopted in this assembly subchannel analysis. The core inlet temperature is
assumed to be 2 °C higher than the reference BWR to take into account the addition of
heat in the unheated region. Assembly local peaking factors are from the results of
CASMO calculation. Power split of the hot assembly is assumed to be 0.72 and 0.70 for
T91 and Inconel 718 claddings, respectively. This is a conservative assumption since
the single channel analysis, as shown in Table 5-6, indicates that power split decreases as
the power density increases. Locations of the spacers and pressure loss coefficients are
listed in Table 5-8. Although the active length of the ASBWR core is shorter than that
of the reference BWR, the number of spacers is kept the same in consideration of the
anticipated additional vibration caused by the high velocity superheated steam.

Table 5-7 Assumptions adopted in the VIPRE assembly subchannel analysis

Reference BWR ASBWR
Hot assembly peaking factor 1.45 1.45
Local peaking factors Figure 4-4 Figures 4-14 and 4-15
Axial power profile Figure 5-1 Figure 5-1
Pressure loss coefficients Table 5-8 Table 5-8
The core inlet temperature 278.3 280.3
O
Hot channel flow disparity* 0.9 0.9
Power split of the hot NA 0.72 (T91 cladding)
assembly 0.70 (Inconel 718 cladding)

*Water flow in the hot channel is assumed to be only 90% of that in the average channel
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Table 5-8 Pressure loss coefficients as assumed in the VIPRE analysis

Reference BWR ASBWR
Active fuel height (cm) 370.8 300.0
Number of spacers 7 7
Location of spacers (cm) 49.5 40.1
99.1 80.1
148.6 120.2
198.1 160.3
247.7 200.4
297.2 2404
346.7 280.5
Spacer loss coefficient 1.203 1.203
Inlet orifice loss coefficient 21.089 21.089
Lower tie plate loss coefficient 9.4609 9.4609
Upper tie plate loss coefficient 0.3751 0.3751
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Figure 5-26 VIPRE model of the ASBWR assembly

5.4.2 Heat Generation and Flow Rates

Table 5-9 lists the input data of heat generation and flow rates in the subchannel analysis.

All the data in Table 5-9 account for the water side.

rod linear power but the assembly power is only slightly higher than the reference BWR
The ASBWR assembly flow

rate is also higher but the mass flux is smaller than that of the reference BWR due to its

since the ASBWR assembly contains only 60 fuel rods.

larger hydraulic equivalent diameter (i.e., larger flow area).
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Table 5-9 Hot channel heat generation and flow rates

Power density | Rod linear power | Assembly power | Assembly flow | Mass flux
(kW/L) (kW/m) MW) rate (kg/s) (kg/m’-s)
Reference BWR
50.5 23.0 6.30 15.24 1645
ASBWR with T91 cladding
40 30.3 5.46 13.65 869
45 34.1 6.14 15.35 978
50 37.9 6.82 17.06 1087
55 41.7 7.50 18.77 1195
60 45.5 8.19 20.47 1304
65 49.3 8.87 22.18 1413
70 53.1 9.55 23.89 1521
ASBWR with Inconel 718 cladding
50 36.9 6.64 17.06 1087
55 40.6 7.30 18.77 1195
60 44.2 7.96 20.47 1304
65 47.9 8.63 22.18 1413
70 51.6 9.29 23.89 1521
75 55.3 9.95 25.59 1630
80 59.0 10.62 27.30 1738
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5.4.3 MCHFR Calculation

The MCHEFR is calculated by VIPRE using the EPRI-Columbia correlation [110]:

AF, —x,

Geur = X—X,

C(F,+F)+[—"]

q.

where
A = PPRGAAE]
C = BPAGW*A%
q, = local heat flux (MBtwhr-ft’)
X = local equilibrium quality
Xin = inlet quality
G = local mass velocity (MIbm/hr- ft°)
P, = critical pressure ratio; system pressure/critical pressure
Fa =  G°!(Cold wall correction factor)
Fc = 1.183 G*! (Cold wall correction factor)
F, = 13-03C,
C; =  Grid loss coefficient
P, = 05328 (Optimized constant)
P, = 01212 (Optimized constant)
P; = 16151 (Optimized constant)
P, = 1.4066 (Optimized constant)
Ps = -0.3040  (Optimized constant)
Ps = 04843 (Optimized constant)
P, = —0.3285  (Optimized constant)
Ps = 20749  (Optimized constant)
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The EPRI-Columbia correlation is selected because it has been benchmarked against
BWR experimental data, and found to be the most accurate yet conservative one among
several CHFR correlations [110].

Table 5-10 summarizes the calculation results of exit quality, void fraction and MCHFR.
For T91 cladding, the power density should not be higher than 60 kW/L to ensure that the
MCHFR is lower than the reference BWR. For Inconel 718 cladding, the power density
should be lower than 65 kW/L to obtain a sufficient dryout margin on the water side.

Table 5-11 compares the results of the reference BWR and the ASBWR base case. It
can be seen in Table 5-12 that the base case has a similar exit quality and void fraction to
that of the reference BWR. In addition, the base case has a higher MCHFR than the
reference BWR mainly due to its relatively low mass flux.
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Table 5-10 Comparison of the calculated exit quality, void fraction and MCHFR

in the hot channel

Power density | Exit quality Exit void MCHFR
(kW/L) fraction
Reference BWR
50.5 0.244 0.798 1.226

ASBWR with T91 cladding
40 0.242 0.794 1.602
45 0.242 0.794 1.497
50 0.242 0.796 1.408
55 0.242 0.796 1.332
60 0.242 0.796 1.266
65 0.242 0.797 1.207
70 0.242 0.797 1.154

ASBWR with Inconel 718 cladding
50 0.235 0.790 1.441
55 0.235 0.791 1.363
60 0.235 0.791 1.296
65 0.235 0.791 1.236
70 0.235 0.792 1.182
75 0.235 0.792 1.133
80 0.235 0.792 1.089

Table 5-11 Exit conditions of the reference BWR and the base case

Reference BWR ASBWR base case

Cladding material Zircaloy-2 T91

Power density (kW/L) 50.5 50

Average channel exit quality 0.140 0.141
Average channel exit void fraction 0.689 0.690
Hot channel exit quality 0.244 0.242
Hot channel exit void fraction 0.798 0.796
MCHFR 1.226 1.408
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5.4.4 Core Pressure Drop

Core pressure drop of the water and steam sides have been calculated by VIPRE and
MASCAC, respectively. Calculation results are summarized in Table 5-12. It can be
seen that the steam side core pressure drop is much higher than the water side due to 1)
the flowing distance of steam is twice as that of water; 2) the compressibility, high
velocity of steam and the decrease in steam density lead to a high acceleration pressure
drop; and 3) the high steam velocity leads to a high friction and form loss pressure drop.
In addition, when the ASBWR power density is higher than 50 kW/L, the pumping power
would be larger than that of the reference BWR, which requires pumps with higher
capacity to compensate the additional core pressure drop.
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Table 5-12 Calculation results of the core pressure drop

Power density

Water side core

Steam side core

Total core

Feedwater inlet

(kW/L) pressure drop (kPa) | pressure drop (kPa) | pressure drop (kPa) flow rate (kg/s) Pumping power® (kW)
Reference BWR (Thermal power = 3,323 MW)
50.5 162.2 NA 162.2 1811.8 388.0
ASBWR with T91 cladding (Thermal power = 1,250 MW)
40 51.6 315.3 366.9 511.3 247.7
45 61.9 396.5 458.4 511.3 309.4
50 73.3 486.3 559.6 511.3 377.7
55 85.7 585.1 670.8 511.3 452.7
60 99.2 692.5 791.7 511.3 5343
65 113.8 808.4 922.2 511.3 6224
70 129.4 933.3 1062.7 511.3 717.2
ASBWR with Inconel 718 cladding (Thermal power = 1,250 MW)
50 72.5 501.7 574.2 511.1 3874
55 84.8 603.5 688.3 5111 464 .4
60 98.1 714.1 812.2 5111 5479
65 112.5 833.9 946.4 511.1 638.5
70 128.0 962.4 1090.4 511.1 735.6
75 144.5 1099.9 12444 5111 839.5
80 162.0 1246.5 1408.5 5111 950.2

*Pumping power needed to compensate the total core pressure drop
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5.5 Startup Analysis for the ASBWR

The startup of an integral superheat reactor is unique in that the steam produced in the
boiling region is needed for the cooling in the superheating region. Because of the high
radiation dose during fuel loading, the superheater has to be initially flooded and then
voided before the reactor is brought to full power operation. It is found in the literature
that previous superheat reactors basically all applied this general approach. The startup
processes of the Pathfinder and BONUS reactors are briefly described below.

Startup of the Pathfinder Reactor

The reactor was first brought up to approximately 5 MWt with the superheat assemblies
flooded by withdrawing boiler region control rods. The reactor pressure was maintained
high enough to provide sufficient subcooling to prevent the formation of steam in the
superheater region. When the reactor water reached 450 °F the reactor was temporarily
shutdown. The superheater assemblies were drained after allowing sufficient time for
decay heat to drop to 0.4 MWt, the reactor was again brought up to criticality with boiler
control rods only. After approximately one hour of operation at low power, the reactor
reached the operating pressure and temperature. The reactor was then brought to the
desired operating power [39].

Startup of the BONUS Reactor

The reactor was brought to criticality with the reactor water at 92°F and the superheater
assemblies flooded. Heating up was very slow to raise the temperature to 350 °F, and
then the superheater assemblies were drained. The reactor power was kept low until the
operating pressure and temperature were reached. The reactor was then brought to the
desired operating power with the exit superheated steam temperature around 900 °F [39].

For Pathfinder and BONUS, their superheater assemblies could be easily flooded and
drained since they were separate from the boiler assemblies. For the ASBWR, however,
draining the superheater is difficult due to the overall design of the assembly. Instead, it
is proposed to void the superheater by vaporizing all the water in the inner channel of the

annular fuel element. After the inner channel is dried out, fuel failure due to
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overheating would not be a serious concern since cooling of the fuel elements is still
provided by the surrounding water (i.e., the water side). Nevertheless, it is essential to
investigate the maximum cladding temperature during the reactor startup since after the
inner channel is dried out, inefficient heat transfer on the steam side is anticipated.

Startup analysis for the ASBWR has been performed using MASCAC. The assumptions
of the analysis are listed in Table 5-13. To be conservative, the steam side is assumed to
be insulated and thus all the heat generated by the fuel is transferred to the water side.
Figure 5-27 shows the power to flow operating map of a typical BWR. For the startup
of a BWR, the reactor is kept below 5% of the rated power before sufficient pressure is
reached. The corresponding core flow is about 30 ~ 35% of the rated flow rate with the
minimum recirculation pump speed. In this analysis, 30% rated core flow rate is
assumed with various power levels to calculate the maximum cladding temperature.

Figure 5-28 shows the calculation results. It can be seen that given a 30% rated core
flow and 5% rated power, the maximum cladding temperature is below 350 °C, which is
much lower than the cladding working limit. The maximum cladding temperature is
below 580 °C at the 25% rated power. The actual cladding temperature should be lower,
since in reality the steam side is not insulated during the startup. Therefore, this dryout
approach is considered feasible for the startup of the ASBWR.

Table 5-13 Assumptions adopted in the startup analysis

(1) | Hot channel factor is 1.45

(2) | Minimum recirculation pump speed is assumed

(3) | Power density is 50 kW/L for full power operation

(4) | Steam side is assumed to be insulated

(5) | Core inlet temperature is 278.3 °C

(6) | T91 is used as cladding

(7) | 30% rated core flow is assumed
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Figure 5-27  Power to flow operating map of a typical BWR [127]
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Figure 5-28 Calculation results of the startup analysis
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5.6 Proposed Startup and Shutdown Procedures for the ASBWR

Tentative startup and shutdown procedures have been defined for the ASBWR. These
procedures are described qualitatively to demonstrate a possible way to start up and shut
down the ASBWR. Figures 5-29 ~ 5-40 demonstrate the main steps in the startup
procedures. For simplicity, the reactor core is represented by a single assembly
containing annular fuel elements in a 4 x 4 array.

5.6.1 Startup of the ASBWR

Figures 5-29 to 5-33
Fuel assemblies, steam coolant distributor, separator and steam dryer are installed in

sequence.

Figure 5-34

The reactor vessel head is moved back. Some air stays in the reactor vessel.

Figure 5-35
The excessive water is directed to a storage tank.

Figure 5-36
The reactor is brought to criticality at low pressure. The reactor power is kept low and
the amount of water in the inner channels of the annular fuels is slowly decreasing due to

vaporization. The recirculation pumps are running at the minimum speed.

Figure 5-37
After a period of time, the inner channels of the annular fuels are voided. There is no air
in the vessel at this step. The reactor is kept heated until the desired water level in the

reactor vessel is reached. The recirculation pumps are running at the minimum speed.
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Figure 5-38
Valves are closed again. The reactor is slowly pressurized and heated up by

withdrawing the control rods. The recirculation pumps are running at the minimum

speed.

Figure 5-39

When sufficient pressure level is established, bypass valves will open. Feedwater is
allowed to enter the vessel. The main steam isolation valve (MSIV) is opened to allow
warm-up and pressurization of the steam line to the steam turbines. The recirculation
pump speed starts to increase to raise the core flow accordingly.

Figure 5-40

The heatup is continued and reactor pressure is raised to near the full operating pressure.
A turbine generator startup is performed. Then the reactor can be brought to the desired
operating power by adjusting the core flow rate and withdrawing the control rods.

5.6.2 Shutdown of the ASBWR

To shut down the ASBWR, the reactor power has to be lowered slowly by decreasing the
core flow rate and inserting control rods. When the reactor is shutdown and reactor
pressure is low enough, a considerable amount of feedwater can be injected into the
vessel and flood the inner channels of the annular fuel elements. A sufficient shutdown
margin must be guaranteed since the flooding of the annular fuel inner channels will

cause positive reactivity insertion.
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- Water Steam

Figure 5-29  Startup of the ASBWR (step 1)
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. Water Steam

Figure 5-30 Startup of the ASBWR (step 2)
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Figure 5-31 Startup of the ASBWR (step 3)
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- Water Steam

Figure 5-32  Startup of the ASBWR (step 4)
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- Water Steam

Figure 5-33  Startup of the ASBWR (step 5)
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Figure 5-34 Startup of the ASBWR (step 6)
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Figure 5-35 Startup of the ASBWR (step 7)
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Figure 5-36 Startup of the ASBWR (step 8)
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Figure 5-37 Startup of the ASBWR (step 9)
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Figure 5-38 Startup of the ASBWR (step 10)
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Figure 5-39 Startup of the ASBWR (step 11)
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Figure 5-40 Startup of the ASBWR (step 12)
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Chapter 6
Preliminary Thermal Expansion and Stress Analyses

6.1 Assumptions and Cladding Properties

Preliminary thermal expansion and stress analyses have been done for a fresh ASBWR
fuel element. The purpose of these analyses is to investigate the stress distribution and
thermal expansion of the cladding in the initial phase of operation. All assumptions
applied to the analyses are listed in Table 6-1. Young’s modulus and linear thermal
expansion coefficients of the cladding materials are listed in Tables 6-2 and 6-3,
respectively.

Table 6-1 Assumptions adopted in the thermal expansion and stress analyses

(1) | Steady state analysis for the fresh fuel element with T91 cladding

(2) | The hot steam up-flow channel is analyzed

(3) | Hot channel factor is 1.45 and the power density is 50 kW/L for the base case

(4) | Poisson’s ratios are 0.3 and 0.29 for T91 and Inconel 718, respectively

(5) | Gap pressure is assumed to be 12.5 bar at full power operation

Table 6-2 Young’s modulus of the cladding materials

Temperature (°C) Young's modulus (GPa)
T91 Inconel 718
20 206.0 201.2
100 199.5 197.5
200 194.4 192.2
300 187.9 186.3
400 181.5 179.7
500 175.0 172.4
600 151.0 164.4
700 127.0 155.8
Reference [111] [99]
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Table 6-3 Linear thermal expansion coefficients of the cladding materials

Temperature (°C) Linear thermal expansion coefficient (10%/K)*
T91 Inconel 718

20 === =
100 10.8 13.2
200 11.2 135
300 11.6 13.9
400 119 14.2
500 12.2 14.5
600 12.5 14.9
700 12.7 15.5

Reference [111] [99]

* Mean coefficient between 20 °C and T

6.2 Stresses Caused by Pressure

Figure 6-1 illustrates the pressure acting on the inner and outer cladding of the fresh fuel.
Figure 6-2 shows the force balance for calculation of the axial stresses. Stresses caused
by pressure can be expressed as the following equations [128].

For the inner cladding:

O_l' - _(Prt + I)gap) (6'1)
. 2

ot = 1B =N bw (6-2)
: nL—n
i — (r32 - ,‘ZZ)Pgap B (r42 - ’iz)P_ﬁv (6-3)
T -G )

For the outer cladding:
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where the superscripts o, i, refer to outer and inner claddings respectively; Py, Pg.p and

Py, refer to steam, gap and water pressures, respectively; o, ca, O, refer to radial, hoop
and axial stresses, respectively.

p \ "4 Outer cladding
fw =

" Pgap
\ (Helium)

A P

(Water)

r
rz Inner cladding

ra

ra

Fe—

Figure 6-1 Illustration of the pressures acting on cladding
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Figure 6-2 Balance of the axial forces

Table 6-4 summarizes the calculation results. It can be found that the inner cladding is
subject to tensile hoop stress while the outing is subject to compressive hoop stress at the
beginning of cycle. However, after the fuel burnup increases, the fuel internal pressure
will increase considerably due to the release of fission gas from the fuel pellets. The
plenum pressure will eventually be higher than the system pressure, and then the inner
and outer claddings will be subject to compressive and tensile stresses, respectively.

Table 6-4 Calculation results of the stresses caused by pressure
at the beginning of fuel life in core

o, (MPa) oy (MPa) o, (MPa)
Inner cladding -3.94 3241 -18.91
Outer cladding -4.19 -73.35 -18.91
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6.3 Calculation of Thermal Stresses

If the wall of a long hollow cylinder is heated non-uniformly through its thickness, its
elements would not expand uniformly and thermal stresses are induced due to this mutual
interference. Considering the cladding structure as a long, hollow cylinder, its thermal
stresses can be expressed as [128]:

T = ok r2 —az ’ r— ’ rar
vl v [ TCyrdr- [ T(r)dr) 67)
ol = e 2[r e j’ T(Yrdr+ [ T(r)dr - T()r"] (6-8)
.
9 b2 j T(F)rdr - T(r)] 69)

where the superscripts T refer to thermal stresses; a, v and E are thermal expansion,
Poisson ratio and Young's modulus, respectively; a and b are inner and outer radii,

respectively. This analysis assumes the long cylinder to be axially unconstrained.

Figure 6-3 shows the peak thermal stresses on the steam side (inner) cladding. The
maximum radial thermal stress (o;') is about 1.33 MPa which is negligible compared to
oo’ and o,". Figure 6-4 shows the maximum thermal stresses on the water side (outer)
of the cladding. Compared with Figure 6-3, the water side cladding has slightly higher
maximum thermal stresses because its radial temperature distribution is less uniform than
that of the steam side cladding.
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Figure 6-3 Peak thermal stresses on the steam side (inner) cladding
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Figure 6-4 Peak thermal stresses on the water side (outer) cladding
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6.4 Calculation of Strains and Thermal Expansion

During plant operation, cladding deforms gradually due to pressure, thermal expansion
and irradiation effects etc. In this section, deformation of fresh fuel cladding caused by

pressure and thermal expansion is evaluated.

Strains caused by pressure and thermal expansion can be expressed as [128]:

£ = -}15[0, —v(o, +0,)]+ j: a dT (6-10)
1 T

£ =E[09 -v(o, +0'z)]+Lo a,dT (6-11)

£ = —l-[az -v(o, +0y)]+ IT a,dT (6-12)
: T n

where €., &, €&, are radial, hoop and axial strains, respectively; T, is the reference
temperature (20 °C).

In this evaluation, the cladding material is assumed to <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>