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Abstract

The current generations of nuclear power plants are based on light water reactors
and steam cycle power conversion systems. This work concentrates on design of next
generation nuclear power plants having a potential of efficiency closer to 50 % using
more efficient prime mover with a nuclear closed Brayton cycle (NCBC). The Gas
Turbine-Modular Helium Reactor (GT-MHR) is a new turbine generating system
powered by a passively-safe nuclear reactor. It eliminates the need to make steam to
produce electricity, and frees us from the pollution and waste of fossil-fuel generating
plants. Because helium is naturally inert and single-phase, the helium-cooled reactor can
operate at much higher temperatures than today's conventional nuclear plants. The
higher the turbines operating temperature, the more efficient the plant becomes
mandated by the laws of thermodynamics. To this is added the efficiency of the helium
directly driving the turbine, instead of having to go through a large heat exchanger to

produce steam.

The combination of the gas turbine and the modular helium reactor, the MHR
and the gas turbine represents the ultimate in simplicity, safety, and economy. The
reactor coolant directly drives the turbine which turns the generator. The GT-MHR
power plant is essentially contained in two interconnected pressure vessels enclosed
within a below-ground concrete containment structure. One vessel contains the reactor
system and is based on the MHR. The second vessel contains the power conversion
system. The turbo-machine consists of a generator, turbine, and two compressor sections
mounted on a single shaft rotating on magnetic bearings. The active magnetic bearings

control shaft stability while eliminating the need for lubricants within the primary

system. The vessel also contains three compact heat exchangers.

14|Pagc



CHAPTER 1

INTRODUCTION

Nuclear power generation with fission is a most common type of method. but in
order to create fission reaction there are several types of techniques available. The idea
of designing a nuclear reactor is more of about designing a controlled chain reaction in
terms of neutron interaction with matter. The penetration of matter by charged particles
such as alpha particles or protons, produced from radioactivity or by electrical
acceleration, is relatively slight because of the electrostatic force between the incident
particles and the electrons of the target atoms [30]. Neutrons have no charge and can
move through matter for long distance without being stopped, only by collisions with
nuclei, neutrons can be absorbed by lose of energy. To demonstrate neutron in motion
electron-volt energy unit is used, in order to find out the energy levels in the neutron the

following equation 1 is used.

-

1
E=—mv- 1
> n

In nuclear fission a small fraction of the weight of the fissionable material is
converted into energy, from the theory of relativity the mass of a moving body should
increase as its velocity increases [15]. For a body of rest mass my, its mass m at any

velocity v will be given as

)

In the fission reaction the incident neutron enters the heavy target nucleus,
forming a compound nucleus that is excited to such a high energy level (Eexc > E i) that
the nucleus "splits” into two large fragments plus some neutrons. An example of a
typical fission reaction is shown in figure 1.1. A large amount of energy is released in
the form of radiation and fragment kinetic energy [37]. The measure of how far the
energy level of a nucleus is above its ground state is called the excitation energy (Eexc).

For fission to occur, the excitation energy must be above a particular value for that

I15|Page



nuclide. The critical energy (Ecrit) is the minimum excitation energy required for fission

to occur.

O
Neutron +

2 Unstable Nuclei
N 2 or 3 Neutrons,
Radiation &
Heat (molecular kinetic energy)

(Source: nuclear Reactor physics, Raymond . Murray)
Figurel.l Neutron Interaction With Fissile Material And Enery Release.

A fissile material is composed of nuclides for which fission is possible with
neutrons of any energy level. What is especially significant about these nuclides is their
ability to be fissioned with zero kinetic energy neutrons (thermal neutrons). Thermal
neutrons have very low kinetic energy levels (essentially zero) because they are roughly
in equilibrium with the thermal motion of surrounding materials. Therefore, in order to
be classified as fissile, a material must be capable of fissioning after absorbing a thermal
neutron [37]. Consequently, they impart essentially no kinetic energy to the reaction.
Fission is possible in these materials with thermal neutrons, since the change in binding
energy supplied by the neutron addition alone is high enough to exceed the critical
energy. Some examples of fissile nuclides are uranium-235, uranium-233, and
plutonium-239. Uranium as it occurs in nature contains 0.7% of the fissile isotope U-
235, the rest being U-238. If bombarded with neutrons, U-238 can capture a neutron and
transmute to the isotope of plutonium Pu-239, which is fissile [15]. Thus there is a
possibility to create fissile material in a nuclear chain reacting system, and maybe even
the opportunity to create more fissile material than is being consumed in the reactor: one
can breed fissile material (e.g., Pu-239) from fertile material (e.g., U-238). The number

of new neutrons released by a fissile nucleus upon absorption of a neutron is given by

the parameter (! which is shown in equation 3

_ fission neutrons _ oyUv
absorption in U oqU

3)
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A fissionable material is composed of nuclides for which fission with neutrons is
possible. All fissile nuclides fall into this category. However, also included are those
nuclides that can be fissioned only with high energy neutrons, the change in binding
energy that occurs as the result of neutron absorption results in a nuclear excitation
energy level that is less than the required critical energy. Therefore, the additional
excitation energy must be supplied by the kinetic energy of the incident neutron. The
reason for this difference between fissile and fissionable materials is the so-called odd-
even effect for nuclei [15]. It has been observed that nuclei with even numbers of
neutrons and/or protons are more stable than those with odd numbers. Therefore, adding
a neutron to change a nucleus with an odd number of neutrons to a nucleus with an even
number of neutrons produces an appreciably higher binding energy than adding a

neutron to a nucleus already possessing an even number of neutrons.

Some examples of nuclides requiring high energy neutrons to cause fission are
thorium-232, uranium-238, and plutonium-240. Figure 1.2 indicates the critical energy
(Ecrit) and the binding energy change for an added neutron (BE,) to target nuclei of
interest. For fission to be possible, the change in binding energy plus the kinetic energy
must equal or exceed the critical energy (ABE + KE > E;). As the number of particles
in a nucleus increases, the total binding energy also increases. The rate of increase,
however, is not uniform. This lack of uniformity results in a variation in the amount of
binding energy associated with each nucleon within the nucleus [15]. This variation in
the binding energy per nucleon (BE/A) is easily seen when the average BE/A is plotted
versus atomic mass number (A), as shown in Figurel.2, illustrates that as the atomic
mass number increases, the binding energy per nucleon decreases for A > 60. The BE/A
curve reaches a maximum value of 8.79 MeV at A = 56 and decreases to about 7.6 MeV
for A = 238. The general shape of the BE/A curve can be explained using the general
properties of nuclear forces. The nucleus is held together by very short-range attractive
forces that exist between nucleons. On the other hand, the nucleus is being forced apart
by long range repulsive electrostatic (coulomb) forces that exist between all the protons
in the nucleus. As the atomic number and the atomic mass number increase, the

repulsive electrostatic forces within the nucleus increase due to the greater number of
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protons in the heavy elements [13]. To overcome this increased repulsion, the proportion

of neutrons in the nucleus must increase to maintain stability.
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(Source: nuclear Reactor physics, Raymond |. Murray)
Figure 1.2 Binding Energy Per Nucleon Vs Binding Energy

This increase in the neutron-to-proton ratio only partially compensates for the
growing proton-proton repulsive force in the heavier, naturally occurring elements.
Because the repulsive forces are increasing, less energy must be supplied, on the
average, to remove a nucleon from the nucleus. The BE/A has decreased. The BE/A of a
nucleus is an indication of its degree of stability. Generally, the more stable nuclides
have higher BE/A than the less stable ones. The increase in the BE/A as the atomic mass
number decreases from 260 to 60 is the primary reason for the energy liberation in the
fission process [31]. In addition, the increase in the BE/A as the atomic mass number
increases from 1 to 60 is the reason for the energy liberation in the fusion process, which

is the opposite reaction of fission. The heaviest nuclei require only a small distortion
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from a spherical shape (small energy addition) for the relatively large coulomb forces
forcing the two halves of the nucleus apart to overcome the attractive nuclear forces
holding the two halves together. Consequently, the heaviest nuclei are easily fissionable

compared to lighter nuclei.

1.1 Nuclear Fission Reaction
Nuclear fission results in the release of enormous quantities of energy. It is
necessary to be able to calculate the amount of energy that will be produced. The logical
manner in which to pursue this is to first investigate a typical fission reaction such as the
one listed below in equation 4
on + *33U = (*35U) — "35Cs + 33Rb + 3 () @
Accompanying the fission process is the release of several neutrons, which are all-
important for the practical application to a self-sustaining chain reaction. The numbers
that appear 7 (nu) range from 1 to 7, with an average in the range 2 to 3 depending on
the isotope and the bombarding neutron energy. For example, in U-235 with slow
neutrons the average number 7 is 2.42 [38]. Most of these are released instantly, the so-
called prompt neutrons, while a small percentage, 0.65% for U-235, appear later as the
result of radioactive decay of certain fission fragments. These delayed neutrons provide
considerable inherent safety and controllability in the operation of nuclear reactors. The
nuclear reaction equation for fission resulting from neutron absorption in U-235 may be
written in general form, letting the chemical symbols for the two fragments be labelled
Fiand F; to indicate many possible ways of splitting.

“BU+ - giFl + ngz + vin + energy 5)

Thus, the appropriate mass numbers and atomic numbers are attached. One Example, in

which the fission fragments are isotopes of krypton and barium, shown in the equation 6

2BU+in - 9Kr + 4Ba + 2In + E 6)

Mass numbers ranging from 75 to 160 are observed, with the most probable at
around 92 and 144 as sketched in Fig 3. The ordinate on this graph is the percentage
yield of each mass number, e.g., about 6% for mass numbers 90 and 144, If the number

of fissions is given, the number of atoms of those types is 0.06 as large. As a collection
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of isotopes, these by products are called fission products. The isotopes have an excess of
neutrons or a deficiency of protons in comparison with naturally occurring elements
[38]. For example, the main isotope of barium is ;3$Ba , and a prominent element of

mass 144 is 60.Thus there are seven extra neutrons or four too few protons in the barium
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Figure 1.3 Yeild of Fission Products According To The Mass Number

1.2 Heat Exchange In Fission Reactors

A fission reactor consists basically of a mass of fissionable material usually
encased in shielding and provided with devices to regulate the rate of fission and an
exchange system to extract the heat energy produced. A reactor is so constructed that
fission of atomic nuclei produces a self-sustaining nuclear chain reaction, in which the
neutrons produced are able to split other nuclei [38]. A chain reaction can be produced
in a reactor by using uranium or plutonium in which the concentration of fissionable
isotopes has been artificially increased. Even though the neutrons move at high
velocities, the enriched fissionable isotope captures enough neutrons to make possible a

self-sustaining chain reaction. In this type of reactor the neutrons carrying on the chain
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reaction are fast neutrons. A chain reaction can also be accomplished in a reactor by
employing a substance called a moderator to retard the neutrons so that they may be
more easily captured by the fissionable atoms [30]. The neutrons carrying on the chain
reaction in this type of reactor are slow (or thermal) neutrons. Substances that can be
used as moderators include graphite, beryllium, and heavy water (deuterium oxide). The
moderator surrounds or is mixed with the fissionable fuel elements in the core of the
reactor. The heat energy released by fission in a reactor heats a liquid or gas coolant that
circulates in and out of the reactor core, usually becoming radioactive. Outside the core,
the coolant circulates through a heat exchanger where the heat is transferred to another
medium [37]. This second medium, nonradioactive since it has not circulated in the
reactor core, carries the heat away from the reactor. This heat energy can be dissipated

or it can be used to drive conventional heat engines that generate usable power.
1.2.1 Thermal Utilization Factor

Once thermalized, the neutrons continue to diffuse throughout the reactor
and are subject to absorption by other materials in the reactor as well as the fuel. The
thermal utilization factor describes how effectively thermal neutrons are absorbed
by the fuel, or how well they are utilized within the reactor [37]. The thermal
utilization factor (f) is defined as the ratio of the number of thermal neutrons
absorbed in the fuel to the number of thermal neutrons absorbed in any reactor material.

This ratio is shown in equation 7 below

f — number of thermal neutrons absorbed in the fuel
number of thermal neutrons absorbed in all reactor materials

@)

The thermal utilization factor will always be less than one because some of the
thermal neutrons absorbed within the reactor will be absorbed by atoms of non-fuel
materials. An equation can be developed for the thermal utilization factor in

terms of reaction rates as follows

fe— Ni(o), D ®
N(o,)+N,(o,),+.. Q) +(Q. )+
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In a homogeneous reactor the neutron flux seen by the fuel, moderator, and
poisons will be the same. Also, since they are spread throughout the reactor, they all
occupy the same volume. Since absorption cross sections vary with temperature,
it would appear that the thermal utilization factor would vary with a temperature
change. But, substitution of the temperature correction formulas in the above equation
will reveal that all terms change by the same amount, and the ratio remains the same.
In heterogeneous water-moderated reactors, there is another important factor. When
the temperature rises, the water moderator expands, and a significant amount of it will
be forced out of the reactor core. This means that N, the number of moderator atoms
per cm’, will be reduced, making it less likely for a neutron to be absorbed by a
moderator atom [35]. This reduction in N> results in an increase in thermal
utilization as moderator temperature increases because a neutron now has a better
chance of hitting a fuel atom. Because of this effect, the temperature coefficient for the
thermal utilization factor is positive. The amount of enrichment of uranium-235 and the
poison concentration will affect the thermal utilization factor in a similar manner as can

be seen from the equation above.

1.2.2 Heat Flux |

The rate at which heat is transferred is a measure of heat flux in a reactor
represented by the symbol Q’’. Sometimes it is important to determine the heat transfer
rate per unit area, or heat flux[35]. The heat flux can be determined by dividing the

heat transfer rate Q by the area through which the heat is being transferred.

Q
n_9
Q" =+ ©

1.2.3 Infinite Multiplication Factor (K)

The number of neutrons absorbed or leaking out of the reactor will determine the
value of this multiplication factor, and will also determine whether a new generation
of neutrons is larger, smaller, or the same size as the preceding generation. Any
reactor of a finite size will have neutrons leak out of it. Generally, the larger the

reactor, the lower the fraction of neutron leakage. For simplicity. we will first
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consider a reactor that is infinitely large, and therefore has no neutron leakage. A
measure of the increase or decrease in neutron flux in an infinite reactor is the infinite
multiplication factor, k [35] .The infinite multiplication factor is the ratio of the
neutrons produced by fission in one generation to the number of neutrons lost
through absorption in the preceding generation. This can be expressed mathematically
as shown in equation 10 below

__ Neutron production from fission in one generation

- 10
Neutron absorption in the preceding generation (o

Not all of the neutrons produced by fission will have the opportunity to
cause new fissions because some neutrons will be absorbed by non-fissionable
material. Some will be absorbed parasitically in fissionable material and will not cause
fission, and others will leak out of the reactor. For the maintenance of a self-sustaining
chain reaction, however, it is not necessary that every neutron produced in fission
initiate fission [37]. The minimum condition is for each nucleus undergoing fission
to produce, on the average, at least one neutron that causes fission of another

nucleus. This condition is conveniently expressed in terms of a multiplication factor.

A group of fast neutrons produced by fission can enter into several reactions.
Some of these reactions reduce the size of the neutron group while other reactions allow
the group to increase in size or produce a second generation [30]. There are four factors
that are completely independent of the size and shape of the reactor that give the
inherent multiplication ability of the fuel and moderator materials without regard to

leakage. This four factor formula accurately represents the infinite multiplication factor
as shown in the equation 11 below
K* = xpfh (n
Each of these four factors, which are explained in the following subsections,

represents a process that adds to or subtracts from the initial neutron group produced in

a generation by fission.

1.2.4 Fast Fission Factor (X)
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In order for a neutron to be absorbed by a fuel nucleus as a fast neutron,
it must pass close enough to a fuel nucleus while it is a fast neutron. The value
of will be affected by the arrangement and concentrations of the fuel and the
moderator. The value of is essentially 1.00 for a homogenous reactor where the fuel
atoms are surrounded by moderator atoms. However, in a heterogeneous reactor, all the
fuel atoms are packed closely together in elements such as pins, rods, or pellets.
Neutrons emitted from the fission of one fuel atom have a very good chance of
passing near another fuel atom before slowing down significantly [37]. The
arrangement of the core elements results in a value of about 1.03 for in most
heterogeneous reactors. The value of is not significantly affected by variables such as
temperature, pressure, enrichment, or neutron poison concentrations. Poisons are non-
fuel materials that easily absorb neutrons and will be discussed in more detail later. The
mathematical expression of this ratio is shown below in equation 12.

__ number of fast neutrons produced by all fissions
~ number of fast neutrons produced by thermal fissions

(12)

The first process that the neutrons of one generation may undergo is fast fission. Fast
fission is fission caused by neutrons that are in the fast energy range. Fast fission
results in the net increase in the fast neutron population of the reactor core. The cross
section for fast fission in uranium-235 or uranium-238 is small; therefore, only a
small number of fast neutrons cause fission [38]. The fast neutron population in one
generation is therefore increased by a factor called the fast fission factor. The fast
fission factor is defined as the ratio of the net number of fast neutrons produced by all

fissions to the number of fast neutrons produced by thermal fissions.

After increasing in number as a result of some fast fissions, the neutrons
continue to diffuse through the reactor. As the neutrons move they collide with nuclei
of fuel and non-fuel material and moderator in the reactor losing part of their
energy in each collision and slowing down [30]. While they are slowing down
through the resonance region of uranium-238, which extends from about 6 eV to 200

eV, there is a chance that some neutrons will be captured. The probability that a
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neutron will not be absorbed by a resonance peak is called the resonance escape
probability. The resonance escape probability (p) is defined as the ratio of the
number of neutrons that reach thermal energies to the number of fast neutrons that start
to slow down. This ratio is shown below in equation 13 .

number of neutrons that reach thermal energy

= number of fast neutrons that start to slow down (13)
The value of the resonance escape probability is determined largely by the
fuel-moderator arrangement and the amount of enrichment of uranium-235 (if any
is used). To undergo resonance absorption, a neutron must pass close enough to a
uranium-238 nucleus to be absorbed while slowing down. In a homogeneous reactor the
neutron does its slowing down in the region of the fuel nuclei, and this condition
is easily met. This means that a neutron has a high probability of being
absorbed by uranium-238 while slowing down; therefore, its escape probability
is lower. In a heterogeneous reactor, however, the neutron slows down in the
moderator where there are no atoms of uranium-238 present [32]. Therefore, it has a

low probability of undergoing resonance absorption, and its escape probability is higher.

The value of the resonance escape probability is not significantly affected by
pressure or poison concentration. In water moderated, low uranium-235
enrichment reactors, raising the temperature of the fuel will raise the resonance
absorption in uranium-238 due to the Doppler Effect (an apparent broadening of the
normally narrow resonance peaks due to thermal motion of nuclei). The increase in
resonance absorption lowers the resonance escape probability, and the fuel temperature
coefficient for resonance eécape is negative (explained in detail later). The temperature
coefficient of resonance escape probability for the moderator temperature is also
negative [22]. As water temperature increases, water density decreases. The decrease in
water density allows more resonance energy neutrons to enter the fuel and be
absorbed. The value of the resonance escape probability is always slightly less than
one (normally 0.95 to 0.99). The product of the fast fission factor and the resonance

escape probability (p) is the ratio of the number of fast neutrons that survive slowing
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down (thermalization) compared to the number of fast neutrons originally starting the

generation.

1.3 Concept of Cooling Reactors

Heat transfer and fluid flow defines the heat exchange process in a fission reactor,
because the two problems are closely integrated throughout the design of fission
reaction. The fissionable material is responsible for generation of heat in a reactor where
as coolant is responsible for heat transfer before its power generation. The main focus is
on amount of heat removed from a heterogeneous reactor by passing a coolant through
annuli about cylindrical uranium slugs or fuel pebbles [32]. Heat is generated as a
source in fuel elements and it will give up to flowing fluid. We first derive a reaction
between heat production and temperature distribution in the fuel elements which is

shown in the figure 1.4 below.

Fuel Core

Fast Neutron Flow Cladding

Heat Flow

Thermal Newteon Flow

(Source: Design Requirements and Engineering, Banilla)

Figurel.4 Heat Flow In Fuel Element

The purpose of the reactor coolant is to transport heat generated in the reactor fuel

either to the turbine (direct cycle reactor) or to intermediate heat exchangers (indirect
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cycle reactor). The coolants may be liquids, two-phase liquid/vapour mixtures or gases.
The specific future that need to be considered while selecting coolant for the reactors are
high heat capacity, good heat transfer properties, low neutron absorption, low neutron
activation, low operating pressure requirement at high operating temperatures, non-
corrosive to fuel cladding and coolant system and low cost. The fluids which are used
in nuclear reactors as a coolants are Helium, carbon dioxide, Liquid metal. water. Heavy
water and organic fluids. These coolants are compared with the properties in the table.
Among these fluids the gases common in use are CO; and helium [32]. CO; has the
advantages of low cost, low neutron activation (important in minimizing radiation fields
from the coolant system), high allowable operating temperatures, and good neutron
economy and, for gases, relatively good heat transfer properties at moderate coolant
pressures [5]. At very high temperatures, it tends to be corrosive to neutron economical
fuel cladding materials and also to the graphite moderator used in most gas-cooled

reactors. Its chief drawback, as for all gases, is its poor heat transfer properties relative

to liquids.
TABLE 1.1 PROPERTIES OF VARIOUS COOLANTS FOR NUCLEAR REACTORS
Coolant | Neutron Vapour Heat HT L
Activation | Corrosive Cost
Type Economy | Pressure | Capacity Coeff
Good
He Good High Low Low Low . Higher
with pure
Except at
CO, Good High Low Low Low P <He
high T
H,0 . ) Low at
2 Moderate High High | Excellent T Poor Low
. Transports
D:0 | Excellent High High | Excellent | Like H,0 e Higher
Corrosion
Liquid High Wi
gh With
Not Great | Very Low i i
Metal ry High Excellent T Yes High
H,0
Organic | <Organic Low High Excellent None Excellent | Moderate
<D,0
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As a result, coolant pumping power requirements tend to be very high, particularly
if high reactor power densities are to be achieved (desirable to minimize reactor capital
costs). The other candidate gas, helium, possesses all of the good features of CO; and, in
addition, is noncorrosive (if pure). Its chief disadvantages are higher costs, particularly
operating costs, because helium is very "searching", leading to high system leakage rates
unless extreme measures are taken to build and maintain a leak-proof system [9]. This
has, however, been successfully done in a number of cases. Of the candidate liquid
coolants, ordinary water is by far the most commonly used. It is inexpensive, has
excellent heat transfer properties, and is adequately non-corrosive to zirconium alloys
used for fuel cladding and reactor structural components and ferritic or austenitic steel
coolant system materials [10]. Its disadvantages include only moderate neutron
economy and its relatively high vapour pressure at coolant temperatures of interest. It is
activated by neutrons in the reactor core but this activity dies away rapidly, permitting
reasonable shutdown maintenance access to the coolant system. A further disadvantage
is that water transports system corrosion products, permitting them to be activated in the

reactor core.

These activated corrosion products then create shutdown radiation fields in the
coolant system. The water coolant may be used as a liquid in an indirect cycle system or
may be permitted to boil, producing steam in a direct cycle system. Heavy water may
also be used as a coolant. Its outstanding advantage is much better neutron economy
relative to ordinary water. Its primary disadvantage is its high cost. Otherwise its
properties are similar to ordinary water [9]. Certain organic fluids (primarily
hydrogenated polyphenyls) may also be used. They are moderate in cost, have a lower
vapour pressure than water, are essentially non-corrosive, and are not significantly
subject to neutron activation. Also they do not transport significant quantities of
corrosion products which can become activated in the reactor core. Their chief
disadvantages include higher neutron absorption than heavy water (but lower than
ordinary water), in flammability, and they suffer radio-chemical damage in the reactor
core which leads to a requirement for extensive purification facilities and significant

coolant makeup costs. On balance, however, they may well see wider application in the
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future. Certain liquid metals can be used as coolants. Of these, only sodium and a
sodium/potassium eutectic called NaK have achieved significant use. Their advantages
include excellent heat transfer properties and very low vapour pressures at high
temperatures. Fuel cladding and coolant system materials require careful selection to
avoid "corrosion". Their chief disadvantages include incomparability with water (the
turbine working fluid), relatively high neutron absorption, a relatively high melting
point (leading to coolant system trace heating requirements) and high coolant activation
with sustained radiation fields after reactor shutdown [8]. These disadvantages have
effectively precluded the use of liquid metal coolants in commercial power reactors to
date with one exception and this is the fast breeder reactor which will be discussed later.
In this reactor, the neutrons are "used" at relatively high energy levels where the neutron
absorption of the liquid metal is much less, overcoming one of the foregoing
disadvantages [14]. In addition, the economics of fast breeder reactors depend on very
high core power densities where the excellent heat transfer capability of liquid metals
becomes a major advantage. Furthermore, it is desirable in this type of reactor that the
coolant not moderates the neutrons excessively. Liquid metals are superior to other
liquids in this regard because they do not contain "light" atoms which are inherently

effective moderators.
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CHAPTER 2
GAS COOLED REACTORS

One of the major challenges of the reintroduction of nuclear energy into the world
energy mix is the development of a nuclear power plant that is competitive with other
energy alternatives, such as natural gas, oil or coal. The environmental imperative of
nuclear energy is obvious. No greenhouse gases emitted, small amounts of fuel required
and small quantities of waste to be disposed of. Unfortunately, the capital costs of new
nuclear plants are quite large relative to the fossil alternatives. Despite the fact that
nuclear energy’s operating costs in terms of operations and maintenance and, most
importantly, fuel are much lower than fossil alternatives, the barrier of high initial
investment is a significant one for utilities around the world [20]. In order to deal with
this challenge gas cooled reactors are going to be a good alternative. Gas cooled Reactor
is a completely different design, the common aspects of gas cooled reactors under
consideration are graphite cores, coated fuel particles and helium coolants. They have a
higher efficiency than light water reactors because of the higher exit temperatures. The
fuel used in gas reactors has a higher enrichment level, approximately 12-20% Uranium-
235. They typically operate to higher burn-up levels which makes the spent fuel more
proliferation proof [18]. Gas cooled reactors, because they have higher efficiencies, have
lower thermal discharges to the environment. Light water reactors have a relatively
inexpensive core with a high power density and a “defence in depth” type safety system.
Gas cooled reactors have a more expensive core with a lower power density. The

economics are potentially better because of a higher efficiency, compact balance of
plant, and longer fuel life.

2.1 Gas Cooled Reactor Concepts

Potential gas coolants for reactors include hydrogen, helium, nitrogen, CO,, argon,
air, and steam. A number of large gas-cooled reactors have been developed and operated
worldwide. Gas-cooled reactor designs are usually moderated, and graphite is

commonly selected as the moderator. However, gas-cooled reactors have been studied

30|Page



and developed that employ other moderators or no moderator. A broad variety of fuel
element geometries and fuel types have been used in gas-cooled reactors. The first gas-
cooled reactors developed with air cooling system and employed as air cooled reactors.
Later CO, coolant is considered in substituting air. Once it is tested with research
reactors it was failed due to Oxidation and dissociation issues, however, have limited
CO; coolant temperatures to less than 600 C [5]. Fuel element designs for these reactors
included uranium metal and uranium dioxide clad in magnesium alloy and other metals.
The CO,-cooled reactor approach proved successful. Nitrogen-cooled reactors were
once studied for remote power sources, and hydrogen cooled reactors were developed
for space applications. However, nitrogen and hydrogen cooled reactors were never
developed for commercial power applications. The use of steam as a coolant/working

fluid has been limited to nuclear superheat in BWR reactors.

Future work for gas coolant was lead to path way in selecting helium as an
attractive coolant for gas-cooled reactors. Helium is chemically inert, exhibits good heat
transfer properties among gasses, and has a very small neutron capture cross section. A
small high temperature, graphite moderated, helium-cooled reactor plant was success
fully operated and encouraged rest of the world for future research [8]. The Initial
research reactor operated with Fuel rods are contained within the graphite blocks and
helium flows through internal coolant channels in the blocks. The fuel rods consist of
coated uranium carbide microspheres embedded in a graphitic binder. Maximum fuel

temperatures were less than 1260 C, and the coolant outlet temperature was 785 C.

2.2 Gas Coolants for Reactors

Reactor coolants and heat transport fluids should have low melting points, good
heat transport properties, and low potential for chemical attack on vessels and piping.
Reasonable operating pressures and compositional stability at operating temperature are
also important characteristics. Other desirable properties include low toxicity and low
fire and explosion hazard [12]. Reactor coolants must also possess desirable nuclear
properties, such as radiation stability and low neutron activation. For thermal reactors,

low parasitic capture cross sections are required. If the coolant is to serve as a
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moderator, low atomic weight on statements is desirable. Property values and
characteristics for potential reactor coolants are derived by gas- solid fraction coefficient

which is shown in the equation 14

2 7 Vg=Vs| .
B =150 2k, 4 150 'df L if &, > 0.225 14

Increasing the flow surface area, as well as operating at high temperatures, high
pressures, and high flow rates can compensate for the generally poor heat transport
characteristics of gas coolants. Gas coolant operating pressures, however, are far below
that for water at required cycle temperatures, and for most gas coolants, no phase change
occurs for any postulated accident sequence. Most importantly, noble gases are
chemically inert [13]. Gases are too diffuse to serve as effective moderators;

consequently, thermal gas-cooled reactors require a separate moderator.
2.2.1 Reactive Gases

More importantly to this study, the corrosiveness and thermal dissociation of CO,
at greater than 600 C makes this coolant option unacceptable for the proposed cycle.
Limited development work has been carried out for nitrogen reactors, and chemical
incompatibility of materials with high temperatures nitrogen gas is an issue. In the
operated (i.e., the air coolant passing through the reactor was released directly into the
atmosphere). Air-cooled reactors suffer the same limitations as CO»-cooled reactors and
once-through cooling is no longer a viable approach. Although water-cooled reactors
with superheated steam have been developed, nuclear superheated steam options are no
longer actively pursued [18]. The high temperature oxidation of superheated steam was
one of the main reasons for abandoning this approach. Furthermore, the heat transfer
properties of steam are not as good as helium, and steam activation and dissociation are
significant. Hydrogen-cooled reactors have been developed in the United States and
Russia for nuclear rockets. Although hydrogen possesses the best heat transfer
characteristics among gas coolants, the very high fire and explosion hazard of hydrogen

rules out its use for terrestrial applications.

32|Page



2.2.2 Nobel Gases

Little development has been carried out for argon-cooled reactors. Argon is
chemically inert, but heat transfer characteristics for argon are not as good as helium and
neutron activation and parasitic capture are disadvantages. Significant experience has
been accumulated with helium-cooled reactors. Among gasses, helium exhibits good
heat transport properties [19]. Helium is neither a fire or explosion hazard, is non-toxic,
is stable in radiation and high temperature environments, has a very small parasitic
capture cross section, and neutron activation is extremely small. The most significant
and pertinent advantage of helium is its chemical inertness. For these reasons, helium is

selected as the baseline coolant for gas-cooled reactors.

2.3 Gas Cooled Reactor System

Gas-cooled reactors are fairly simple systems. The working fluid in a gas-cooled
reactor is a single phase gas, which flows across the reactor core. To remove the heat the
gas is either run through a heat exchanger transferring the heat to some other working
fluid or, as in this case, run directly through a turbine to generate power. The advantages
of gas-cooled reactors are availability of inert gasses, low neutron cross section, the
ability to run the reactor at high temperatures. This last factor allows high efficiency
power conversion but requires exotic materials to be practical. In the reactor system
consists of a container which is designed with the high temperature resistant materials
which can hold high pressures. Inside the container core is arranged with thee fuel
loading system tubes, core will be designed in a hexagonal shape which is allowed to
use fuel pebbles. The entire system mechanism is shown in the figure 2.1. With the fuel
pebbles the special advantage is without obstructing the operation the fuel pebbles
loading and unloading will be carried out once fuel pebbles are consumed. Change room
for fuel elements and fuel elements discharge tube and discharge compartment will take
care about all the process with the automatic control system [20]. Due to the high
temperature and inequality in the fuel consumption some of the fuel pebbles will not be
used completely, in other words failed elements will be separated through a special

arrangement. In order to change the system from top to bottom in hexagonal fuel
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element system will be circulated automatically with a special mechanism to inter

change the rows inside core.
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Figure 2.1 Gas Cooled Reactor Core Arrangement
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2.3.1 Boundary Conduction/Radiation Cool Down and Thermal Inertia

The radiation and conduction heat transfer modes are a different case from mass
transfer. Pebble beds have both radiation and conduction heat transfer with radiation
being the more important. The spherical form in packed beds is a good form for
radiation as there are radiation pathways to the exterior boundary from within the
interior of the bed. Complete shadowing is very difficult to achieve in this geometry for
the range of pebble sizes of interest. But ultimately there needs to be a heat sink. In the
case of the thermal gas cooled reactor, heat radiation/conduction core generated decay
heat to the vessel boundary (“conduction cool down mode”) has been a major part of the
safety case. This is both for the prismatic fuel design as well as for the pebble/bed fuel
design. Conceptually, this is also therefore a heat sink/decay heat pathway for the pebble
bed fast gas cooled reactor [24]. But as noted previously, there is a major difference
between the power density of a thermal gas cooled reactor and the power density of a
gas cooled fast reactor. Conduction/radiation of the core decay heat to the vessel wall
boundary is a function of power density, material properties and geometry. If conduction
cool down is not possible due to too large a target power density or geometrical
constraints on surface-to-volume ratio, then distributed core internal heat sinks would be
a potential alternative. For the pin-based reactor there is no conduction component to
this pathway unless some type of a web type spacer design is envisioned but that would
increase the steady-state coolant pressure drop through the core. Furthermore unless
there are “few fat pins” as opposed to “many thin pins” there will be a large number of
radiation interfaces between the center of the core and the vessel boundary. This could
lead to large temperature drops. In the case of the block core, the radiation interfaces are
the gaps between the blocks. These clearances are necessary for the mechanics of
refuelling. Larger blocks could help the passive conduction of heat to the boundary but
the weight would increase the requirements on the refuelling machines. Inter block gaps
are a necessity. High conductivity block matrix material would be advantageous to this
mode of passive decay heat removal [22]. High thermal inertia block matrix material
would also be advantageous. Both these attributes would be useful for the pebble matrix
material and the fuel pin pellets. Though in the case of the pellet, typically the decay

heat level is low enough that it is the radiation temperature drops between the pins that
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dominate. In addition to material properties, geometry matters. In particular the surface-
to-volume is the important parameter. This affects the aspect ratio of the core and
ultimately of the primary vessel. The PBMR and the GT-MHTGR thermal reactors are
both tall thin reactors to promote the conduction of the core decay heat to the vessel
boundary and thereby the conduction cool down off the vessel wall [32]. This geometry
however also promotes neutron leakage from the core and impacts the neutron balance
adversely. For a fast reactor where the neutron leakage is typically much larger than the

thermal reactor, this would unfortunately be a large effect.

2.3.2 In-Core Heat Sinks with Gas Cooled Reactors

Given the unfavourable trends it is still possible to consider conduction Cool down
as a potential passive decay heat removal mechanism if the ultimate heat sink is not the
vessel boundary but a series of distributed core internal heat sinks. These heat sinks
could be un cooled thermal inertia sinks or cooled through secondary natural convection
pathways. For the un cooled option it can be seen from Figure 2.1 and the discussion,
that a significant amount of thermal capacity could be required to absorb the excess heat
until the decay heat production decays to the heat removal rate possible through the
vessel boundary. For the cooled options, the passive heat removal in these internal core
heat sink locations could be natural convection cooled heat exchangers or special
devices such as heat pipes. In all cases the cooled option requires the provision of
connections through the primary system boundary to the ultimate external heat sink.
There is also the use of the vessel wall as an intermediate heat sink with external cooling
of the wall. However even in this case, the same difficulty exists of connecting all these
internal core heat sinks to the ultimate heat sink [9]. A complex piping system for this
internal heat transport problem within the vessel may have to be designed. This system
would have to be accommodated by control rod drives internals and the refuelling mode
of operation. Failure of this system should not depressurize the primary coolant system
otherwise it would not meet the single failure criteria. The choice of coolant on the
secondary side is also an important factor [29]. Moisture in the GFR core has
historically been regarded as a positive reactivity effect and there are certainly

combinations of fuel materials and coolant selection that should be avoided for
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compatibility reasons. As far as conduction/radiation of the core generated decay heat to
those in-core locations the same phenomena governing the conduction/radiation cool
down to the vessel wall would govern here. The pin core with its multiple radiation
interfaces would be at a disadvantage. The gaps in the block core could be minimized
depending upon design [9]. The pebble bed core could have challenging temperature
conditions for the heat sink boundary material as contact would be made with the

pebbles.

2.3.3 Natural Convection in Gas Cooled Reactors

Just a mass transfer is acknowledged as a special feature of the pebble bed fuel
form and configuration; it is also acknowledged that in general the pebble bed form is
not the optimum form for natural convection. The pressure drops inherent to the pebble
bed configuration are not conducive for natural circulation. There is certainly more
flexibility in the design of other fuel element forms to optimize for natural convection.
However, even if pin based or block plate based cores are selected for the natural
convection heat transfer mode, helium is a poor heat transfer medium at one atmosphere
pressure. The level of the acceptable accident pressure whether a separate heavy gas
injection needs to be arranged, and the means to maintaining a residual backpressure are
all design questions that need to be resolved. The question of the residual back pressure
required to maintain an acceptable level of natural convection to transport the decay heat
away from the core is tied closely to the selection of the coolant gas. The light gas
helium is acknowledged to be a natural convection medium that requires very tall
chimneys and large elevation heads [10]. Heavy gases such as CO; are acknowledged to
be better. A lower backpressure is required for the same heat removal rates. Conversely
shorter chimneys can be used. However, since helium has been selected as the primary
coolant, heavy gas injection into the primary system would be required to replace the
helium with the heavy gas. The issue of mixing, bypass and timescale all need to be
addressed. Furthermore fuels such as carbides are chemically reactive with gases such
are CO,. The list of economic possibilities is limited. Presuming that an appropriate gas
for the natural convection mode has been selected, a heat sink needs to be provided to

couple to the core. Heat sinks external to the primary system would require a guaranteed
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convection path through the primary boundary during depressurization accidents. Quick
opening valves in the boundary would be required. This would have the drawback of
being a potential system depressurization initiation. There are certainly inherent heat
sinks such as shield/reflector regions, upper internals and the vessel metal, but unless
provision is made for passive cooling of the vessel wall, there would be need for a
dedicated emergency heat exchanger that is designed for natural convection cooling on
the secondary side [3]. Credit should be taken for the inherent heat sinks, both thermal
inertia and natural convection cooling off the vessel walls in the cavity/silo as the
phenomena will occur. But confirmation of this type of heat loss mechanism would
require substantial CFD analyses and experimental confirmation of natural convection
cell patterns. Maintenance of a backup pressure during primary system break/leak
induced depressurization events would require a secondary guard containment or vessel
surrounding the preliminary boundary. The challenge in designing and building this
guard containment would depend upon the backup pressure level selected and the layout
of the primary system and balance-of-plant [15]. The questions of direct vs. indirect
cycle, hydrogen production vs. electricity generation and others such as these would do

have a large impact on the design of the guard containment.
2.4 Carbon Dioxide Cooling

Carbon dioxide as a coolant is more suitable to the fast breeder reactors. The
most common choices for gas-cooled fast reactors are helium, (supercritical) CO,, and
steam. (Special mention should be made of the supercritical water-cooled reactor
concept, which is proposed with thermal, epithermal, and fast neutron spectra.)The
choice of coolant is dictated by the desire to introduce the smallest amount of absorption
and moderation, while still being able to reliably remove the heat from this high power
density configuration [16]. Commonly a liquid metal is chosen, with sodium being the
most common, but a gas coolant is also possible. Even though all these coolants are
composed of light isotopes, the amount of moderation is limited because of the low
number density of gas coolants. Chemical compatibility with water, obviating the need

of an intermediate coolant loop, and generally good chemical compatibility with
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structural materials, Negligible activation of coolant, Optically transparent, simplifying
fuel shuffling operations and inspection, Gas coolants cannot change phase in the core,
reducing the potential of reactivity swings under accidental conditions. Reduction of the
positive void effect typically associated with sodium. CO; as a coolant generally allow a
harder neutron spectrum, which increases the breeding potential of the reactor. Helium
is preferred to CO; as a reactor coolant due to its excellent cooling capabilities and
inertness. The reactor design and development is independent of the CO. cycle
development and the reactor can be used with any other indirect cycle. Small leaks of
CO into the helium side are less disturbing than a steam leak due to the similar nuclear
properties of helium and CO,. The corrosion is also a smaller problem in such a case.
CO2 is much cheaper than helium (about 250 times per unit weight and 24 times per
unit of volume) and its leakage problem in the gas turbine cycle are therefore orders of
magnitude less severe than with helium. Since CO; can be stored in the liquid phase at
relatively low pressures the required storage capacity is smaller than for helium. CO,
gas turbine cycles achieve higher efficiencies than the helium Brayton cycles at fast
breeder reactor temperatures [13]. Since the entire gas turbine plant is in the secondary
loop it can be placed in the open air. The cooling system can be of the direct type
because the primary coolant is not in direct contact with the cooling water. With CO, in
the secondary circuit higher cycle temperatures could be used in the future. The size of

the turbo machinery is smaller than for steam or helium cycles.
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CHAPTER 3
HELIUM COOLED REACTORS

Safety is the most important criterion in evaluating the options and designing the
reactors. All reactors must meet a minimum safety level described by IAEA, but those
that are more inherently safe are more likely to use in the future generations. The helium
cooled modular pebble bed gas cooled reactor is considered to be the safest of all
designs. It’s passive, inherent safety with no possibility of core melt make it the more
attractive. The ability of helium cooled reactor are, they can be assembled in a factory,

shipped to the construction site, and pieced together will decrease construction time.

3.1 Introduction to Helium Cooled Reactor

Helium is stable in thermal and radiation environments, entirely compatible with
the iﬁtermediate loop and high temperature capability of the helium-cooled reactor can
also be used to develop highly efficient systems for electrical power. The possibility of a
direct Brayton cycle may result in significant efficiency improvements and reduced
capital costs for the production of electricity. If the PBR is used, online refuelling, deep
fuel burn, and low excess reactivity separation are feasible. Gas coolant operating
pressures are high, but well within the operational envelope for gas cooled reactors.
Although high pressure operation implies the possibility of rapid coolant loss, the high
heat capacity of the graphite fuel elements mitigates the effects of these types of
accidents [22]. Activation of He is insignificant. The high heat capacity of the core for
graphite-moderated helium cooled concepts results in very gradual core heating in the
event of a loss of flow accident. Furthermore, no coolant phase change occurs for any
postulated accident sequence. The high fission product retention ability of the HTGR
microsphere fuel provides another safety advantage. Helium is non-toxic and does not
present a fire or explosion hazard. The issue has been raised concerning the possibility
of rapid oxidation of the graphite fuel elements in the event of accidental air ingress into
the primary system. The proponents of gas-cooled reactors argue that the high-density,

high-grade graphite used for the fuel elements does not undergo rapid oxidation for
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postulated loss-of- coolant accident conditions [36]. The possibility of significant water
ingress seems highly improbable due to the absence of a high-pressure water interface

with the primary loop which is shown in the figure 3.1.

S Helium flow path

Figure 3.1 Helium Cooled Reactor Coolant Circulating System

Gas cooled reactors, taking advantage of coated particle fuel technology, are
sometimes designed without an external containment building. Here we have assumed
adequate confinement by either the fuel particle coating, or by a confinement enclosure
will be reflected in somewhat higher capital costs, as discussed subsequently [18]. Due
to the inertness with helium gas the fuel pebbles coatings will not react with the coolant
in the reactor and also the heat transfer rate will be more due to the boundary interfacc
with the coolant. Which will indirectly increase the power density of the reactor, also

reduces the reaction time inside the reactor.
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3.2 Properties of Helium

Helium is a light, odorless, colorless, inert, monatomic gas. It can form diatomic

molecules, but only weakly and at temperatures close to absolute zero [19]. Helium has

the lowest melting point of any element and its boiling point is close to absolute zero.

Unlike any other element, helium does not solidify but remains a liquid down to

absolute zero (0 K) under ordinary pressures. The properties are tabulated below in table

3.1.

TABLE 3.1 PROPERTIES OF NATURAL HELIUM

Property Value
States
State Gas, (0 K) liquid
Melting point 0.95 K (-272.2 °C)
Boiling point 4.2 K (-268.9 °C)
Energies
Specific heat capacity 5.193J g'K"
Heat of fusion 0.0138 kJ mol™
Heat of atomization 0 kJ mol”
Heat of vaporization 0.0845 kJ mol”
1* ionization Energy 2372.3 kJ mol”
2"% jonization energy 5250.3 kJ mol”
3" jonization energy 0 kJ mol”
Electron affinity 0 kJ mol”
Oxidation & Electronics
Shells 2
Electron Configuration 1s°
Max. oxidation number
Min. Oxidation 0
Electron gravity Pauling Scale, 0
Polarizability volume 0.198 A’

Appearance & Characteristics

Structure Hexagonal closed packed
Color Color less
Harness mohs

Conductivity
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Thermal Conductivity 0.15Wm" K~

Electrical Conductivity Scm’”
Radius
Atomic radius 31 ppm
Ionic Radius(1+ion): pm
Tonic Radius(2-ion): pm
Ionic Radius(3+ion): pm
Ionic Radius(2+ion): pm
Tonic Radius(1-ion): pm

Abundance & Isotopes

8 Parts per billion by weight,
Abundance earth’s crust .
43 parts per billion by moles

Abundance solar system 23 % by Weight, 7.4% by moles

3.3 Why Helium -Safety Issues- Longevity

Helium is an inert gas and, in its pure state, should be ideal for operation at the
required temperature of 900 C. Although materials effects can result from impurities in
the coolant, operational experience showed no significant materials issues related to
impurities in the coolant. . The helium cooled reactor operated in the past include a high
temperature around 950 C. Consequently, gas-cooled reactors have been successfully
operated in the desired 40 optimal temperature ranges. The best example in front of us is
Japanese prismatic fuel HTTR will also operate at coolant temperatures greater than 900
C. It describes the benefits, as well as experience on the engineering prospective. The
GT-MHR is meltdown-proof and passively safe. The GT-MHR safety is achieved
through a combination of inherent safety characteristics and design selections that take
maximum advantage of the inherent characteristics [20]. These characteristics and
design selections include. Helium coolant, which is single phase, inert, and has no
reactivity effects, graphite core, which provides high heat capacity and slow thermal
response, and structural stability at very high temperatures, refractory (TRISO) coated
particle fuel, which retains fission products at temperatures much higher than normal
operation and postulated accident conditions, negative temperature coefficient of
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