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Abstract 

This report has also been published as a PhD thesis. It discusses the reduction of the 
transuranics part of nuclear waste. Requirements and criteria for efficient burning 
of transuranics are developed. It is found that a large reduction of transuranics 
produced per unit of energy is possible when the losses in reprocessing are small 
and when special transuranics burner reactors are used at the end of the nuclear 
era to reduce the transuranics inventory. 

Two special burner reactors have been studied in this thesis. In chapter 3, the 
Advanced Liquid Metal Reactor is discussed. A method has been developed to 
optimize the burning capability while complying to constraints imposed on the 
design for safety, reliability, and economics. An oxide fueled and metallic fueled 
ALMR have been compared for safety and transuranics burning. Concluded is 
that the burning capability is the same, but that the higher thermal conductivity of 
the metallic fuel has a positive effect on safety. 

In search for a more effective waste transmuter, a modified Molten Salt Reactor 
was designed for this study. The continuous refueling capability and the molten 
salt fuel make a safe design possible without uranium as fuel. A four times faster 
reduction of the transuranics is possible with this reactor type. The amount of 
transuranics can be halved every 10 years. 

The most important conclusion of this work is that it is of utmost importance in the 
study of waste transmutation that a high burning is obtained with a safe design. In 
future work, safety should be the highest priority in the design process of burner 
reactors. 
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Summary 

The reduction of the transuranics part of nuclear waste is discussed in this thesis. 
Only the transuranics and not the fission products are discussed, because they 
represent the highest environmental hazard in the long term. A huge amount of 
1,000 tonne of transuranics is already produced worldwide, and annually about 
80 tonne of transuranics is added. This material can be used for nuclear energy 
production, for instance, as fuel for Advanced Liquid Metal Reactors (ALMRs), 
but to reduce this amount will be rather difficult as only 1.2 kg/MWey can be 
fissioned maximally. To stabilize the amount of transuranics, one has to operate 
about 70 GWe in burners; that is an increase of about 20% in installed nuclear 
power worldwide. 

One can reduce the production of transuranics by recycling in the reactor which 
produces them. As is shown in chapter two of this thesis, only the plutonium iso
topes can be recycled in Light Water Reactors (LWRs), because recycling of other 
transuranics will lead to a high production of short-lived and spontaneously fission
ing actinides. These actinides make the reprocessing of fuel, which is necessary 
when recycling is applied, impossible with current techniques. The production of 
transuranics can be reduced by maximally a factor of four by recycling plutonium 
isotopes in LWRs. 

Another approach to reduce transuranics is the use of special burners. In chapter 
two, we show that nuclear energy can be produced without an increase of the 
transuranics amount currently produced. For low reprocessing losses in the order 
of 0.1 %, energy can be produced in this way for many centuries. 

The physics of transuranics transmutation is rather simple: reduce the production 
rate of transuranics by removing uranium from the fuel. Also, the time to reduce 
a certain amount of transuranics should be small, which can be accomplished by 
a high specific power. All other design criteria are related to issues of safety and 
technology. This is an important conclusion; it shows that previous studies' focus 
on burning capability, which can be raised to 1.2 kg/MWey at the most, was 
irrelevant. One has to take safety and technological issues in consideration, which 
might reduce the burning capability. 

Two important issues result from reactor operation without uranium. First, fis
sioned material is not replaced by fissile material formed by neutron capture in 
the fertile uranium. This leads to a large reactivity loss during a cycle. This 
loss should be compensated e.g. by control rods, which is in contradiction with 
modern safety philosophies of passive safety. Second, the Doppler coefficient 
which may result from the broadening of neutron absorption resonances will be 
very different, changing the reactivity feedback. Unsafe reactor operation results 
when the reactivity feedback is positive or negative but small in absolute value. 
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The production of the short-lived and spontaneously fissioning actinides results 
from recycling transuranics. Production is limited when a fast spectrum reactor 
is used. Therefore, this type of reactor is discussed in chapter three of this the
sis. However, for this commercially designed ALMR, one limits the transuranics 
enrichment to about 30%, which leads to a reduced burning capability of about 
0.4 kg/MWey . Also, the inventory of transuranics is rather high, leading to 
several hundreds of years to reduce a certain amount of transuranics. Even with 
fertile material present, the burnup reactivity loss is increased, reducing safety. 
Another issue related to the standard fast reactor technology is the sodium void 
effect. This effect is reduced considerably for burner reactors, but is still positive 
for sodium voiding of the fuel region. 

In this thesis, an optimization method is developed to maximize the burning 
capability of the ALMR while complying with all constraints imposed on the 
design for reliability and safety. This method leads to a maximal transuranics 
enrichment, which is being limited by constraints on reactivity. The enrichment 
can be raised by using the neutrons less efficiently by increasing leakage from the 
fuel. 

With the developed optimization method, a metallic and an oxide fueled ALMR 
were optimized. Both reactors perform equally well considering the burning 
of transuranics. However, metallic fuel has a much higher heat conductivity 
coefficient, whicli in general leads to better safety characteristics. 

In search of a more effective waste transmuter, a modified Molten Salt Reactor 
was designed for this study. A Molten Salt Reactor operates on a liquid fuel salt 
which makes continuous refueling possible, eliminating the issue of the burnup 
reactivity loss. Also, a prompt negative reactivity feedback is possible for an 
overmoderated reactor design, even when the Doppler coefficient is positive, due 
to the fuel expansion with fuel temperature increase. Furthermore, the molten salt 
fuel can be reprocessed based on a reduction process which is not sensitive to the 
short-lived spontaneously fissioning actinides. 

In chapter four of this thesis, we show that the margins in which such a design 
can be operated are very limited. One has to take a fuel fraction higher than about 
7%, and the minimum power is equal to about 1000 MWt . This is due to a 
limit on the power density of tlr. salt and the high fraction of fissionable higher 
actinides. The salt power density and the production of these higher actinides are 
limited by an increase in fuel volume fraction due to the reduction in spectrum 
weighted microscopic cross sections. Higher fuel volume fractions leads to an 
increase in prompt negative reactivity feedback. Therefore, the conclusion of 
this work is that the safest way to operate the Molten Salt Transmuter is with a 
high fuel volume fraction to obtain a fast reactor. Operation as a thermal reactor 
is possible for a very limited range of parameters. Any underestimation of the 
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absorption rate of the fission products or the need for some overreactivity will 
make operation impossible. Operating a Molten Salt Transmuter will halve the 
inventory of transuranics in less than 10 years, which is more than a factor of four 
shorter than for the ALMR burners. 
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Chapter 1 

Introduction 

1.1 Nuclear Energy and Waste 

Commercial nuclear energy production always has been controversial: the rela
tion between nuclear energy and proliferation of atomic weapons technology, the 
question of what to do with nuclear waste, and the safety problems. All of these 
issues are currently investigated by the research institutes and the nuclear-energy 
related industry. This thesis addresses one of these issues, namely nuclear waste. 
You will find the results of a computational study on the possibilities to reduce 
nuclear waste from nuclear reactors. 

Two types of potential nuclear waste produced in nuclear reactors can be dis
tinguished: fission products and transuranium elements. Fission products are 
produced when fissile nuclides are fissioned by a neutron into two nuclei, releas
ing energy in the form of neutrons, neutrinos, photons, and kinetic movement. 
Transuranium elements are produced when a neutron is captured by the nucleus of 
uranium. In general, both types of products are radioactive due to energy excess, 
which is released by emitting nuclear particles and radiation which can be harmful 
for all living creatures. 

In figure 1.1, the most important actinides are displayed as on a chart of the 
nuclides. The first actinide is thorium, which occurs as Th-232 in nature. Three 
other actinides occur in nature, namely U-234, U-235, and U-238. On this chart, 
one can see what happens upon irradiation. A neutron capture leads to a move to 
the right. 

1 
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For instance, neutron capture in U-238 produces U-239. This isotope has a short 
half life for /3 decay (an electron is emitted), which leads to a move to the left and 
up; p decay of U-239 leads to Np-239, which will also emit an electron, which 
leads to Pu-239. Many actinides display a decay, which is diplayed on the chart 
of the nuclides by two moves left and two moves down. For instance, a decay of 
Pu-239 leads to U-235. This chart of the nuclides is very important in this thesis; 
many times the production and decay of isotopes will be discussed. For a clear 
understanding of these processes, the chart is a necessity. 

Three parameters determine the radiotoxicity of a nuclide: 

1. the average time to emit the particles and/or radiation, 

2. the residence time in biological systems. Some elements, once absorbed in 
the human body, will stay there forever, and others will not be absorbed. For 
instance, many of the transuranium elements easily attach to the red bone 
marrow, which is very sensitive to radiation. 

3. the radiation type. Radioactive nuclei can emit four types of radiation: neu
tron radiation, /3-radiation by electrons or positrons, a-radiation by helium 
nuclei, and gamma radiation, photons emitted by the nucleus, and X-rays, 
photons emitted by the atom. 

Many of the transuranium isotopes decay via long decay chains with combinations 
of short-lived and long-lived isotopes. Therefore, nuclear waste has to be isolated 
from the biosphere for a long time period. 

A possible solution to the nuclear waste problem is storage of the waste for a long 
time, for instance, in geological stable formations of salt or rock. Of course, the 
cask with the nuclear waste will eventually deteriorate and elements will disperse 
in me salt or rock formation. As long as the time for these elements to disperse 
to the biosphere is long enough that they decay, no extra radioactivity will enter 
the biosphere. Due to the very long time involved, it is difficult to guarantee 
everlasting isolation from biosphere, and that is one of the reasons why the public 
acceptance of this solution is low even if extensive calculations show a very small 
risk to future generations. Other reasons are related to the nature of the waste 
(radioactivity) and the nature of the risks involved. Therefore, other means to 
solve the waste problem are studied, for instance nuclear transmutation. 

Transmutation is the change of one isotope into another isotope by nuclear methods, 
e.g. neutron absorption. By transmutation of long-lived elements to short-lived 
or stable elements, the time required for isolation of waste might be shortened 
considerably. Also, the contents of the geological repositories might be reduced, 
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and the possibly dispersed amount of elements might be reduced. So, transmutation 
might at least reduce the nuclear waste problem. 

Transmutation usually involves interactions with neutrons which have to be sup
plied by nuclear reactors or special neutron emitters. These systems have to be 
operated for a certain time period to reduce the amount of nuclear waste. Nuclear 
energy production has to be economically competitive with other means of energy 
production, and therefore transmutation should not induce a strong increase of the 
energy price. 

Another possibility might be that one strives to reduce the absolute amount of 
nuclear waste even if cost are very high. Some environmental protection societies 
may favor this option. Then, transmutation might be used to reduce a certain 
amount of waste assuming that nuclear energy production will be stopped. In this 
PhD-thesis, both options will be studied. 

Recently, the nuclear waste problem received new attention. Both the U.S. and 
the former Soviet Union have agreed upon the destruction of a large part of their 
nuclear arsenal. About 150,000 kg plutonium and 1,000,000 kg of highly-enriched 
uranium are to be decommissioned. Both countries are studying the possibilities 
to use this material in nuclear energy production. Especially the former Soviet 
Union expresses its need for "cheap" energy to be obtained from this source'. The 
highly-enriched uranium can be used in current reactors, but this is more difficult 
for plutonium. The amount of transuranics produced by commercial nuclear 
energy production until now is approximately 1,000,000 kg1. Yearly, about 80,000 
kg transuranics are produced by commercial nuclear power plants all around the 
world2'3. Together with the weapons grade plutonium, we speak about a huge 
amount of hazardous materials with a large energy content. 

1.2 Motivation to Perform this Work 

Already in the seventies, many studies on transmutation were conducted. Probably, 
all arguments against nuclear transmutation for environmental and safety reasons 
were already presented by Johnson4: 

1. It does not make a significant addition to our energy resources, 

2. separation of the actinides from the lanthanidcs, fission products which are 
chemically similar to the actinides, is difficult, 

3. multiple recycling is required, which is not feasible for current technologies, 

4. it is impossible to proof the same safety for fuel designs containing higher 
actinides, 
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5. it will be very expensive to develop and operate special fuel in existing 
designs of power reactors, or to design special incinerator reactors, 

6. the actinide recycle strategy should be adopted world wide, 

7. the more conventional way of waste management: conditioning, encapsu
lating, and disposing in deep geological barriers is more reliable and better 
verified. 

Croff et al presented an overall assessment of the feasibility and the incentives for 
transmutation5'6. According to these reports, the transmutation and partitioning of 
actinides is feasible at reasonable costs. Their conclusions about incentives are: 

1. The short term risks from partitioning and transmutation are substantial 
if the non-radiological impacts from fuel reprocessing and fabrication are 
taken into account, but small for the radiological risks. 

2. The long term benefits are small. 

According to Croff et al5'6, no incentives for partitioning and transmutation remain. 
So, why is transmutation studied again, after these negative conclusions? We will 
answer this question by commenting on each single argument mentioned by these 
two reports and by overviewing developments after these reports. 

First, Johnson states that transmutation does not make a significant addition to 
the energy resources4. This can only be true if he means transmutation of minor 
actinides instead of all actinides. Minor actinides are the transuranics, excluding 
plutonium. About 10% of the transuranics discharged from current nuclear reactors 
are minor actinides. Johnson considers this 10% not a significant amount, which 
is true compared to the potential energy available in plutonium. 

Second, the technical argument of separating the actinides from the lanthanides 
is partly resolved at least on laboratory scale for some special reprocessing tech
niques. 

The third argument to the multiple recycling requirement of Johnson is not true 
anymore. Breeder reactors can operate on recycled plutonium until the resources 
of uranium are exhausted. The fuel design of these breeders has proven to be safe. 

Johnson argues that the option should be adopted world wide to be worthwhile, 
which he considers impossible. This argument is not valid because the possible 
effects of leakage from storage facilities occur locally at the storage site. Therefore, 
adoption of a nuclear waste reduction program by one nation can reduce the effects 
of the nuclear waste for that particular country. 

Croff et al and Johnson compare partitioning and transmutation to disposal in 
geological barriers. Of course, these repositories are extremely suitable for storing 
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waste and the releases to the environment will be negligible, especially when the 
waste is vitrified in glass7'8'9. However, the public opinion is against storage of 
waste which will be potentially dangerous for so many years even if calculations 
show low risks. Not one final waste repository is in operation. 

Both Johnson and Croff et al reason that the costs of safety, fuel fabrication, and 
reliability will be too high. At the same time, Johnson believes that all these prob
lems can be solved for plutonium recycling. It depends on the techniques used if 
the incremental costs (radiological and economical) of recycling the minor portion 
of minor actinides are much higher. In the US, a new technique is currently being 
developed which includes the minor actinides with plutonium automatically10. Nu
clear energy without the re-use of plutonium will be able to produce energy to the 
world for about one century based on currently known uranium reserves. When 
all uranium is transmuted into plutonium in breeder reactors, the nuclear energy 
resources will increase by a factor of 100 at least". If plutonium is not going to be 
used, recycling of other actinides is useless. However, if plutonium is recycled, the 
recycling of minor actinides might pose only minor extra problems. Therefore, 
the study to reduce both the plutonium and minor actinides is useful. On the 
other hand, the study of transmutation of minor actinides without transmutation of 
plutonium is useless, because plutonium is the major contributor to the long-term 
radiotoxicity of nuclear waste12. 

Many new techniques have been introduced after the studies of Croff et al and 
Johnson. Especially, reprocessing techniques have been improved substantially. 
Not only plutonium can be reprocessed with small losses, also the process to extract 
the minor actinides has been developed. New reactors have been designed for 
which fuel fabrication and reprocessing is simplified. Even reactors which operate 
in symbiosis with accelerators are studied to improve the safety characteristics. 
Also, the public acceptance of disposing nuclear waste in geological repositories 
is low. In the U.S., stringent regulations on repositories leads to new incentives 
for transmutation, also admitted by Croff et al '3. 

1.3 What this Thesis Covers 

The main object of this PhD-study is to determine the possibilities in terms of 
physics and technology of nuclear transmutation in fission reactors to reduce the 
actinide component of nuclear waste. Two approaches are considered: one is the 
absolute reduction of waste, and the other is the reduction of waste per unit of 
energy production. 

In the next chapter, the parameters to describe the hazard of nuclear waste are 
discussed. Factors are introduced to evaluate waste reduction scenarios. Then, 
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using these factors, recycling actinides in Light Water Reactors is studied, because 
this type is the most common reactor in the world. Several energy scenarios are 
studied, and the influence of special burner reactor operation on the reduction 
factors is determined. 

The last two chapters deal with special burner systems which burn as much 
transuranics as possible. In this way, we overcome the problem that the bene
fits of transmutation are small and the risks due to increased inventories in the fuel 
cycle are large. 
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Chapter 2 

Nuclear Waste and Nuclear 
Waste Reduction 

2.1 Introduction 

In the evaluation of reactor systems for waste transmutation, several factors are of 
interest. Suppose that a certain amount of waste should be diminished; what should 
one know to make a choice between several options? First, the time necessary to 
reduce this waste is important: will it take years, decades, or centuries? Second, 
to what extent can a certain machine reduce this amount of waste? Furthermore, 
risks to the population and the costs of the system should be considered. A certain 
transmutation system can be evaluated in this way. However, suppose that one 
wants to develop 'a nuclear energy production system which generates as little 
waste as possible, how do we evaluate that? 

The ideal energy production system produces energy at no costs, safely, without 
waste, and with little or no resource usage. All energy production systems can be 
compared to this ideal based on these characteristics. In the evaluation of a nuclear 
energy production system, the waste, the resources used, the risk to the population, 
and the cost should all be considered per unit of produced energy. Only factors 
involved with waste and potential waste streams will be developed in this thesis. 
The costs and the risks should also be taken into account, but this is beyond the 
scope of this study. 



10 

2.2 Waste Parameters 

Nuclear waste is defined as the material to be deposited in final storage. Inventory 
is defined as the material which remains in the nuclear fuel cycle and which is to be 
reused as fuel. This inventory is considered as potential waste, because at the end 
of nuclear reactor operation the inventory will have to be disposed of unless special 
incinerators are built to reduce this inventory. Nuclear waste and inventory can 
be characterized by quantities called waste parameters. Several waste parameters 
are of interest in the study of nuclear transmutation of waste and inventory: 

1. The mass (kg) 

2. The radioactive inventory (Bq) 

3. The radiotoxicity (ALI) 

4. The mass of specific nuclides in kg(HM) e.g. the mass of transuranics, 
which are nuclides with a atomic number higher than uranium, the mass of 
minor actinides, which are all transuranics except for the plutonium isotopes 
l4'15'16'17, or the mass of all radiotoxic actinides except Th-232, U-235, and 
U-238 (ARA = Artificial Radiotoxic Actinides) 

5. The possible dose to the future populations due to leakage from underground 
storage facilities. 
In case of disposal in granite or rock salt, the possible dose is determined by 
the long-lived mobile isotopes in the deposited waste, especially Np-237, 
Tc-99, and I-1299'18. So, the mass of Np-237 plus the mass of all precursors 
of Np-237, which will eventually decay to Np-237, is a measure for the 
contribution of the actinides to this dose. 

6. The space needed in underground storage facilities for disposal. 
This space is determined either by the heat production of the material or 
by limitations on the maximum possible dose, which could result from a 
release from the repository. The calculated distance between bore holes in 
a German salt repository design is 57 meters determined by the maximum 
temperature allowed in the salt (200 °C)9, which could have been reduced 
by removing heat producing elements from the stored waste. The maximum 
temperature is reached within the first one hundred years after storage in the 
repository. The heat produced during the first 100 years is mainly due to 
two fission products: Cs-137 and Sr-90. These fission products have a half 
life of about 30 years. When these two fission products are separated from 
the waste to be deposited, the actinides are responsible for the main part of 
the heat production19. 
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7. The time during which the radiotoxicity is significant (y). 
This time is defined as the elapsed time between the time of disposal and 
the time at which the radiotoxicity for ingestion becomes equal to a low 
reference value, e.g. the radiotoxicity of uranium ore necessary to produce 
the same amount of energy by once-through LWRs. At this time, the 
radiotoxicity produced by the system is equal to the radiotoxicity of the ore 
used for once-through reactors. Once-through reactors, in which the fuel is 
not recycled, are used as reference to assure that good resource utilization 
by recycling would not have a negative impact on the time of significant 
radiotoxicity. 

In the study of transmutation of waste, three waste parameters are important: the 
possible dose to the population, the time during which the radiotoxicity of the waste 
is significant, and the space needed for underground disposal. These three waste 
parameters are difficult to determine and are dependent on a number of quantities 
which are uncertain. The possible dose to the population depends on the mobility 
of the various isotopes, which is not well known for many isotopes and which 
differs per repository site. The time of significant radiotoxicity is dependent on 
the dose conversion factors of the isotopes, which are still the subjects of research. 
For instance, the dose conversion factor of Np-237 was significantly adjusted 
twice during the last fifteen years20'21. The space needed for disposal can vary 
significantly from one site to the other. 

Transuranics mass is a suitable waste parameter in the study on waste transmuta
tion, because this quantity can be calculated directly. The mass of the artificial 
radioactive actinides should be considered when the thorium/uranium fuel cycle 
is studied, in which case also the actinides built up by neutron capture in Th-232 
should be accounted for. 

Of course, the transuranics mass, or the mass of the artificial radioactive actinides 
will never be exactly proportional to the possible dose to the population due to 
actinides, or proportional to the time of significant radiotoxicity, or proportional to 
the number of repositories needed to store the actinide component of the waste. To 
establish a relationship between these quantities, the actinide decay chains need 
to be studied. Also, the important isotopes for each waste parameter have to be 
identified. 

In the range of actinide isotopes which are present in the reactor, six alpha decay 
chains can be identified. Three chains end with one of the "stable" isotopes (half 
life larger than 108 years): Th-232, U-235, or U238. The other chains belong 
to one of three uranium isotopes: U-232, U-233, or U-234. All members of the 
U-232 chain are short-lived (< 100 years). All other chains consist of a mixture of 
long-lived and short-lived isotopes. Furthermore, the dose conversion factors of 
most alpha decaying isotopes do not differ very much from each other; only the 
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dose conversion factors of some of the decay products of the thorium isotopes and 
of the uranium isotopes are smaller by approximately a factor of 20. 

The number of storage facilities is dominated by the heat production of the fission 
products. Chang19 and Baetsle22 concluded that mainly the strontium and cesium 
isotopes are responsible for the decay heat. The presence of large amounts of these 
fission products leads to the conclusion that final storage of this part of the nuclear 
waste is necessary22. However, after 100 years, the actinides produce 75% of the 
heat19. The heat production after about 100 years of decay will be determined by 
alpha decaying actinides with approximately a half life of 100 years. Only a few 
actinides need to be considered: U-232 and Pu-238, of which U-232 is hardly 
present in the discharge of a uranium fueled reactor. So, the number of storage 
facilities can only be affected by transmutation of actinides when temporary storage 
for about 100 years is considered, combined with a reduction of U-232 and Pu-238 
unless there is a way to separately store the strontium and cesium isotopes. The 
total transuranics mass is not a very good representation of the amount of these 
short-lived isotopes. 

The possible dose to the population is determined by some long-lived fission prod
ucts and Np-?37. Reduction is achieved by transmuting these fission products and 
the Np-237 and its precursors Pu-241, Am-241, and Cm-24523'24. Isotopic separa
tion is considered too expensive. Therefore, one should consider all neptunium, 
plutonium, americium, and curium isotopes. 

In figure 2.1, the radiotoxicity of plutonium isotopes, the minor actinides, and the 
fission products of an LWR discharge at a bumup of 33 MWd/kg(HM) is presented 
relative to the ratiotoxicity of the initial uranium ore to produce the fuel. The first 
250 years after discharge, the radiotoxicity of nuclear waste is due to the fission 
products and the actinides. Thereafter, mainly the plutonium isotopes determine 
the radiotoxicity. Reduction of the transuranics mass will accomplish a reduction 
of the time of significant radiotoxicity. 

An important aspect in the determination of the waste parameter to be studied 
in waste reduction studies is the public opinion. Our society believes that the 
present generation should not put a burden in terms of nuclear waste on future 
generations. The desire for the complete annihilation of the long-lived component 
of nuclear waste results from this philosophy. A large reduction of the transuranics 
component of nuclear waste is the best the nuclear industry can do. 
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Figure 2.1: Normalized radiotoxicity for ingestion for the plutonium isotopes, the 
minor actinides, and the fission products as a function ojtime after discharge for 
a once-through LWR normalized to the radiotoxicity of the initial uranium ore, 
mined to produce fuel. 

2.3 Waste Production and Reduction Factors 

2.3.1 Fuel and Waste Amounts and Flows 

First, the system for which waste production and reduction will be studied has 
to be defined. This system is part of the nuclear fuel cycle which describes the 
whole process of mining, milling, conversion, enrichment, fuel fabrication, energy 
production, reprocessing, and waste management. In this thesis, we will consider 
only the fuel and waste flows and amounts in two types of reactors: 1) LWRs 
and 2) Advanced Reactors (ARs) which are called burners when they are able to 
transmute LWR discharges. 

In figure 2.2, the fuel, energy and waste amounts for the combined system are 
given. 

The LWRs operate on mined uranium and produce energy as well as potential 
waste. This potential waste is reprocessed, and part of it is used in advanced 
reactors, which might need mined uranium and some fuel (Bi) from other advanced 
reactors. The discharged fuel of the advanced reactors is recycled, producing waste 
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and possibly some fuel (B0) for other reactors. 

All amounts of fuel and waste given in figure 2.2 are quantities integrated over the 
whole reactor life (except for the inventories) and have parameter values associated 
with them. In the next section, useful factors to evaluate the effectiveness of this 
system will be defined; the quantities introduced in this section have the meaning of 
"value of the particular waste parameter considered corresponding to the material 
flow or amount". 
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Figure 2.2: Flow sheet of waste, energy and fuel amounts for the combination of 
Advanced Reactors and LWRs. 

parameter definition for LWR 

EL = energy produced by LWRS 

I = inventory of LWRs 
Q = amount discharged by LWRs 
Q f = part of LWR discharges which will be fed to the ARs 
Qd = part of LWR discharges which will be disposed of as waste 

parameter definition for Advanced Reactor (AR) 

EB = energy produced by Advanced Reactors 
R = amount of fuel at BOC produced by reprocessing Advanced Re

actors fuel 
Bi = amount of fuel at BOC bred in other reactors 
B0 - the bred quantity of fuel 
D - amount of fuel discharged from Advanced Reactors at the end of 

cycle (EOC) 
F = in-core and out-of-core fuel inventory of Advanced Reactors 
W - amount of waste produced by Advanced Reactors 
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2.3.2 Definitions to Evaluate Waste Production and Reduction 

First, we introduce factors which enable us to express effectiveness of a reactor 
in reducing waste. These factors are expressed in terms of the waste parameters 
which were described in section 2.2. Three questions are of interest: how much 
waste can be reduced, to what extent, and in what time period. 

The BUrned amount, BU, represents the burned amount in terms of a certain 
waste parameter per unit of energy produced and is used to describe how much 
waste a reactor burns. It is defined by: 

pBOC _ pEOC 
BU = , (2.1) 

&B 

with FBOC - FEOC the parameter value of the amount burned per cycle, EB the 
energy produced per cycle by the burner. 

The Waste Ratio WR of a burner system for an arbitrary waste parameter is the 
ratio of the parameter value of the material fed to the burner system, Qf, and the 
parameter value of the waste produced by the burner system, W . So: 

WR=%- (2-2> 

W represents the parameter value of the waste produced by the burner which is 
disposed of after reprocessing. This definition is clarified by the flow schedule 
in figure 2.2. Some potenti il waste is loaded to the burners represented by the 
Advanced Reactors, which reduces this potential waste to a final waste quantity W. 
Assumed is that the amounts B* and B0 are zero. The Waste Ratio is introduced 
to determine how effective a burner or a set of burners is in reducing material fed 
to the burner, independent of the energy produced. 

The Inventory Transmutation Time ITT of a burner for an arbitrary waste param
eter is defined as the time to transmute an amount equal to the parameter value of 
the inventory of this burner. Then, the Inventory Transmutation Time equals: 

pBOC 
ITT = J77W' (13) 

where PB is the power of the reactor system considered. For a large number N(t) 
of burners operated asynchronously (not started and stopped at the same time), the 
burnup of an amount of potential waste I(t) equal to the inventory of the whole 
set of burners can be described by: 

j--N(t)-PB-BU- JÜX ~~pff <M) 
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The time to halve the initial inventory is ln2 - ITT. Once in a while, not enough 
fuel material is available to operate all current burners. Then, a burner is stopped 
and its fuel inventory is used in the remaining burners. The burnup of the initial 
inventory is an exponential curve given by exp(-t/ITT). This relationship holds 
until the number of burners is small. 

The Waste Production Ratio WPR is introduced to determine how much waste a 
reactor or a system of reactors produces per unit of energy produced. It takes into 
account the energy production and all waste flows. The Waste Production Ratio 
WPR of a certain system of reactors for an arbitrary waste parameter is the ratio 
of the parameter value of the waste produced per unit of energy by once-through 
LWRs and the parameter value of the waste produced per unit of energy by the 
system considered. 

This definition is translated into equation 2.5 with the flow sheet of figure 2.2: 

where Q is the waste produced by LWRs during the time period considered, EL is 
the energy produced by these LWRs, W is the waste produced by the Advanced 
Reactors, assuming that B0 is zero, and Enet is the net energy produced by the 
system. 

Now, four factors to evaluate waste production and reduction have been introduced. 
A burner system is evaluated by the Waste Ratio, the Inventory Transmutation 
Time, and bumed amount per unit of time. An energy producing system is 
evaluated by the Waste Production Ratio. 

2.4 On Reducing LWR Waste by Recycling in LWRs 

2.4.1 Introduction 

Currently, almost all nuclear waste is produced by Light Water Reactors (LWRs), 
the most common nuclear reactor type. Therefore, we try to reduce the waste 
output of this reactor type. Two methods can be applied to accomplish this im
provement in terms of reduced waste production: 

• to reduce the amount of U-238 in the reactor for instance by using inert 
matrices of non-actinide materials, 

• to recycle the actinides produced by the reactor itself. 
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The first way is beyond the scope of this thesis. It is noted that by reducing 
the U-238 inventory the efficiency of the use of uranium as an energy source will 
decrease. More U-235 replacing the fissile plutonium produced by neutron capture 
in U-238 is required for energy production. This limits the prospects of nuclear 
energy considerably. 

The second way is studied by looking at the best way LWRs can be used in terms of 
energy versus waste production. This is the case when actinides are recycled to the 
reactor for many cycles. Recycling of these actinides will induce an increase in the 
amount of transuranics in the reactor. When the concentration of transuranics in 
the reactor is so high that the production of these actinides equals their destruction 
by fission, the concentration will be constant from cycle to cycle. This situation 
is referred to as equilibrium; production and destruction rates are in equilibrium. 
When a reactor is operated this way, the discharged fuel has to be reprocessed each 
cycle in order to remove the fission products and the actinides not to be recycled. 
Then, U-238 and U-235 are added to complete the fuel mass and accomplish the 
reactivity needed to operate the reactor. During reprocessing and fuel fabrication, 
a certain loss of actinides occurs. So, the net growth in disposed waste will never 
be zero, but will be equal to die losses in reprocessing. 

Recycling of transuranics in LWRs has been studied for several years. The recy
cling of mixed oxide fuel, in which uranium and plutonium are used as fuel in 
LWRs is already performed. In the literature available, it is not clear what the 
benefits and restrictions are of recycling in LWRs. According to Lancaster25, recy
cling all actinides in LWRs appears feasible for many cycles, but during the same 
conference, Wiese argued that recycling for more than one or two cycles in LWRs 
is not possible due to the high plutonium content, which makes reprocessing based 
on current technologies impossible26. 

In this section, we calculate the composition of the inventory of LWRs which 
operate in equilibrium, and determine for that composition the feasibility of the 
design. The feasibility is determined by calculation of the fissile requirement for 
the fuel to start up and operate to the same burnup as for the once-through system. 
Furthermore, the change in reactivity during a cycle is determined, as well as 
the amount of isotopes, which will emit neutrons by spontaneous fission and the 
produced heat due to alpha decay. These determine whether reprocessing and fuel 
fabrication is feasible. The current limit of Pu-238 in plutonium is 2.5%, based on 
heat production and neutron emission22'27. Above this limit, heat production leads 
to problems with fuel fabrication, and neutron emission makes automated remote 
fuel fabrication and reprocessing necessary. For the near future, 5% is seen as 
possible to handle in fuel reprocessing28'29. This process is carried out for three 
sets of actinides included in reprocessing: plutonium, transuranics, and uranium. 
For these nuclides, no losses in reprocessing were assumed. With the calculated 
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compositions, the'reduction in growth of transuranics compared to once-through 
LWRs is calculated assuming 1% loss in reprocessing. This factor is represented 
by the Waste Production Ratio. 

2.4.2 Calculational Method 

A special code EQUI was developed for this study in order to calculate the fuel 
composition in equilibrium for any reactor type, when the spectrum-weighted 
cross section data are known. This code is discussed in Appendix B. The most 
important assumption made in deriving the basic equations used in this code is 
that the cross sections are problem-independent. One-group cross-section data for 
EQUI were obtained from Croff et al for the Pressurized Water Reactor fueled 
with uranium30. 

EQUI has been verified for a non-recycling scheme and for a total recycling scheme 
in which all actinides are recycled without losses in reprocessing (see appendix 
B). For the non-recycling case, results are different from values calculated with 
the ORIGEN-S code 30'3', especially for Pu-239 and higher curium isotopes with 
higher atomic numbers due to the linearizations used in the code. However, these 
linearizations are valid for recycling cases. For the simple total recycling scheme, 
good agreement is obtained with values calculated with the ORIGEN-S code. 

Calculations were performed for a one year cycle length. A core consists of three 
batches, and assumed was that a discharged batch will be in cooling for three 
years. So, the in-core residence time was three years. A constant flux was chosen 
to obtain a burnup of 33 MWd/kg(HM) at the end of the in-core residence time 
of three years. The limit for the infinite multiplication factor k^ after an in-core 
residence time of three years without fission products was chosen to be 1.2. The 
infinite multiplication factor is the ratio of neutron production rate and neutron 
absorption rate. The value of 1.2 is based on isotopic composition of the actinides 
after an in-core residence time of three years for the once-through LWR. The 
concentration of U-235 at the beginning of cycle was adjusted to obtain this k^ 
and the average flux was adjusted to obtain a bumup of 33 MWd/kg(HM). 

The uncertainties in the results will be rather large due to the uncertainties in the 
one-group cross sections, which is due to the assumptions made. As the density 
increases cross sections of the transuranics will decrease due to selfshielding 
effects. Moreover, a higher plutonium content will cause a spectrum hardening 
due to the higher thermal cross sections of plutonium than of uranium. Spectrum 
hardening will lead to a decrease in the one-group cross sections32. The density of 
the short-lived actinides at the end of cycle will be underestimated because average 
densities are calculated. This will lead to an underestimation of the absorption in 
the short-lived isotopes. The influence of these effects on the transuranics content 



20 

and on k» are unclear, k ,̂ is important because it determines the U-235 content. 
Nevertheless, the EQUI calculations can be used to show qualitatively the effect 
of recycling in LWRs. 

2.4.3 Plutonium Recycling in LWRs 

The radiotoxicity of the waste produced by a once-througn LWR is mainly due 
to plutonium. So, when recycling is considered in LWRs, the first option is to 
reduce the net plutonium production by recycling plutonium. In figure 2.3, the 
radiotoxicity for ingestion of the equilibrium fuel and the waste produced when 
all plutonium is recycled for many cycles is compared to the radiotoxici*y of the 
waste produced by the once-through LWR as calculated by EQUI, normalized to an 
energy production of 1 MWe for one year, assuming that one batch is discharged 
per year and a thermal efficiency of 33% and a capacity factor of 70%. An 
assumption was made that no losses of plutonium occurred during reprocessing. 

io' io' io' IO1 ioJ io4 io' IO* io7 

time after discharge (y] 

Figure 2.3: Radiotoxicity for ingestion as a function of time after discharge for a 
once-through LWR and the fuel and waste for an LWR with plutonium recycling, 
normalized to an energy production of I MWe during one year, assuming that one 
batch per year is discharged. 

The first ten years of decay, the radiotoxicity of the waste when plutonium is 
recycled is high';»-, and after ten years of decay, the radiotoxicity of the waste for 
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plutonium recycling is lower by approximately a factor of three than the waste of 
the once-through LWR. For the fuel, the radiotoxicity for ingestion is always higher 
than the radiotoxicity of the waste of the once-through LWR, due to the buildup of 
plutonium and the higher production of americium and curium. Also, one batch 
per year of the LWRs is discharged, which means that the fuel radiotoxicity is 
higher by an extra factor. 

In table 2.1, the mass fractions for transuranics, minor actinides, and the artificial 
radioactive actinides are presented for the waste of a once-through LWR and the 
fuel and waste for plutonium recycling at the end of cycle. The transuranics mass, 
the minor actinides mass, and the mass of the artificial radioactive actinides (ARA) 
are relative to the total mass of all actinides (HM). 

Table 2.1: Mass Fractions of important isotopes, transuranics (TRU), minor ac
tinides (MA), and the artificial radioactive actinides of Fuel and Waste for Pluto
nium Recycling compared to Once-Through Discharge at the end of cycle. 

Parameter 

U-235 
U-238 
Np-237 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
TRU 
MA 
ARA 

mass fractions [%HM] 
Once-Through 

0.92 
97.5 
0.04 
0.02 
0.64 
0.15 
0.13 
0.04 
1.06 
0.08 
1.55 

Pu Recycling 
fuel 
1.5 

96.8 
0.04 
0.03 
0.46 
0.14 
0.18 
0.23 
1.23 
0.19 
1.71 

waste 
1.5 

96.8 
0.04 
0.0 
0.0 
0.0 
0.0 
0.0 
0.19 
0.19 
0.67 

The waste parameters of the fuel increase due to the recycling of plutonium, but the 
waste parameters of waste decrease by more than a factor five, when reprocessing 
losses are assumed to be zero for plutonium. For minor actinides, the parameter 
value of the waste increases by more than a factor of two due to the buildup of 
americium and curium, whereas the amount of neptunium is almost the same. The 
relative fissile content, the mass of all fissile isotopes relative to the total mass of 
all actinides, is higher when plutonium is recycled, because of the higher content 
of fissile transuranics at the beginning of cycle and the higher content of U-235. 
The U-235 enrichment when plutonium is recycled is 3.9% at the beginning of 
cycle compared to 3.6% for the once-through reference LWR. This is due to the 
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fact that the capture cross sections of the fissionable transuranics compared to the 
capture cross section of U-238 are higher and that relatively less U-238 is present 
when plutonium is recycled. Fissionable isotopes are the actinides which will 
not be fissioned by thermal, neutrons, whereas fissile isotopes, like U-235, may 
be fissioned by thermal neutrons. Examples of fissionable isotopes are U-238 
and Pu-240. The flux is 28% lower due to the higher macroscopic fission cross 
sections resulting from the higher fissile content. The change in reactivity due to 
the actinides during a cycle is 0.26 when plutonium is recycled compared to 0.25 
for the once-through reference case. 

The amount of spontaneously fissioning isotopes is important to estimate the 
increase of spontaneous fission neutrons. The amount of Pu-238 in plutonium is 
3% when plutonium is recycled, compared to 1.5% for the once-through LWR. The 
curium isotopes increase strongly, which will increase the amount of spontaneous 
fission neutrons. The heat production by the actinides in the discharged fuel is 
mainly determined by the alpha decay of actinides in the fuel. After ten years of 
decay, the specific alpha activity is 1.0 -1012 Bq/kg(HM), compared to 3.0 -1011 

Bq/kg(HM) for a once-through discharge. 

When plutonium is recycled in LWRs, the concentration of plutonium isotopes 
will increase, but only slightly due to the fact that some isotopes of plutonium, like 
Pu-239 and Pu-240, are almost in saturation in the once-through LWR at EOC (see 
appendix B). Because the increase in plutonium concentration is small, the effects 
on safety and reactivity coefficients will be small. The problem with plutonium 
recycling is the increased neutron and heat production during fuel reprocessing 
and fabrication, due to the increased content of Pu-238, Cm-242 and Cm-244. 

2.4.4 Transuranics Recycling in LWRs 

Plutonium recycling can reduce the growth in transuranics by maximally a factor 
of five compared to once-through operation of LWRs. To obtain higher reductions, 
the recycling of all transuranics is considered in this section. In figure 2.4, the 
radiotoxicity for ingestion of the fuel and the waste when all transuranics are recy
cled and for a discharge of a once-through LWR are presented. The radiotoxicity 
of the equilibrium fuel is much higher especially for the first 100 years of decay 
compared to the radiotoxicity of a once-through LWR. The radiotoxicity of the 
waste is fully due to uranium isotopes and is much lower than the radiotoxicity of 
a once-through LWR because no losses of transuranics occurs. 

In table 2.2, the mass fractions for transuranics, minor actinides, and the artificial 
radioactive actinides are presented for the waste of a once-through LWR and the 
fuel and waste for transuranics recycling. For the fuel, the parameter values 
increase strongly due to the recycling. For the waste, these values are zero except 



2.4. ON REDUCING LWR WASTE BY RECYCLING IN LWRS 23 

10* 

10' 

>< 
oi 
| 10' 

101 

10' 10° 10' 102 103 104 105 10* 107 

time after discharge [y] 

Figure 2.4: Radiotoxicity for ingestion as a function of time after discharge for a 
once-through LWR and the fuel and waste for an LWR with transuranics recycling, 
normalized to an energy production of I MWe during one year, assuming that one 
batch per year is discharged. 

for the mass of the artificial radioactive actinides because reprocessing losses of 
the transuranics are assumed to be zero. 

The amounts of americium and curium in the equilibrium fuel increase by ap
proximately a factor of 10 and 80 compared to the discharge of a once-through 
LWR. These amounts are higher than for plutonium recycling, because now ameri
cium and curium are recycled as well. The relative fissile content is higher when 
all transuranics are recycled than when only plutonium is recycled, because the 
amount of fissionable transuranics is higher. The content of U-235 at the begin
ning of cycle is increased from 3.6% for the once-through reference case to 4.1% 
when all transuranics are recycled. The change in reactivity due to the actinides 
during a cycle is 0.22 when transuranics are recycled compared to 0.25 for the 
once-through reference case. The smaller reactivity change is due to the fact that 
the concentration of the transuranics is assumed to be constant during the in-core 
residence time. 

The Pu-238 fraction in plutonium is 10% when transuranics are recycled, compared 
to 1.5% for the once-through LWR and 3% when plutonium is recycled. This strong 
increase compared to the plutonium recycling case is induced by the much higher 

O O Once-Through 
Q—QTRU-recycling: fuel 
O ^TRU -recycling: waste | 
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Np-237 content, when transuranics are recycled. The relative masses of curium 
isotopes increase strongly, especially Cm-244, which will increase the amount 
of spontaneous fission neutrons further. After ten years of decay, the specific 
a-activity is 7.5 1012 Bq/kg(HM), compared to 3.0 -1011 Bq/kg(HM) for a once-
through discharge. When transuranics are recycled in LWRs, the concentration of 
minor actinides increases strongly, almost by a factor of 100, which will present 
considerable problems, especially for reprocessing and fuel fabrication. 

Table 2.2: Mass Fractions of important isotopes, transuranics (TRU), minor ac
tinides (MA), and the artificial radioactive actinides for once-through LWRs and 
for LWRs with recycling of all transuranics. 

Parameter 

U-235 
U-238 
Np-237 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Am-241 
Am-243 
TRU 
MA 
ARA 

mass fractions [%HM] 
Once-Through 

0.92 
97.5 

0.04 
0.02 
0.64 
0.15 
0.13 
0.04 
0.007 
0.012 
1.06 
0.08 
1.55 

TRU Recycling 
fuel 
1.7 

95.8 
0.07 
0.11 
0.47 
0.17 
0.20 
0.28 
0.03 
0.18 
2.08 
0.85 
2.55 

waste 
1.7 

95.8 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.47 

2.4.5 Uranium Recycling in LWRs 

Recycling of plutonium and of transuranics are ways to reduce the net production of 
actinide waste, but because of the higher fissile requirement, the need for uranium 
is not decreased, but is even somewhat increased. In this section, the possibility 
of reducing the uranium ore need by recycling uranium in LWRs will be studied. 

In table 2.3, the mass fractions for transuranics, minor actinides, and the artificial 
radioactive actinides are presented for the waste of a once-through LWR and the 
fuel and waste for an LWR with uranium recycling. The waste parameters for the 
fuel and the waste increase strongly due to the uranium recycling. 
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The relative fissile content is much higher when uranium is recycled, because of 
the high U-235 need. The enrichment of the uranium in U-235 at the beginning 
of cycle is increased from 3.6% for the once-through reference case to 6.6% when 
all uranium is recycled. This need is so high due to the buildup of the fissionable 
isotopes U-236, Np-237, and Pu-238 with higher capture cross sections than U-
238. The U-235 requirement is about 4.2 kg/MWey compared to 4.3 kg/MWey 
for a once-through LWR. At the end of cycle, 41% of the U-235 is discharged 
for the uranium recycling LWR compared to 24% for the once-through LWR. 
The amount of neptunium increases by approximately a factor of 10 compared to 
the discharge of a once-through LWR. The relative amount of the transneptunium 
elements decreases due to a lower average flux, which leads to a reduced plutonium 
production by capture in U-238. The flux is lower because the macroscopic fission 
cross section is higher due to the relative higher fissile content. 

Table 2.3: Mass Fractions of important isotopes, transuranics (TRU), minor ac
tinides (MA), and the artificial radioactive actinides for once-through LWRs and 
for LWRs with recycling of uranium. 

U-235 
U-236 
U-238 
Np-237 
Pu-238 

" Pu-239 
Pu-240 
Pu-241 
TRU 
MA 
ARA 

mass fractions [%HM] 
Once-Through 

0.92 
0.5 

97.5 
0.04 
0.02 
0.64 
0.15 
0.13 
1.06 
0.08 
1.55 

U Recycling 
fuel 
2.5 
5.1 

91.0 
0.53 
0.11 
0.52 
0.10 
0.07 
1.37 
0.54 
6.50 

waste 
0 
0 
0 

0.53 
0.11 
0.52 
0.10 
0.07 
1.37 
0.54 
1.37 

The amount of Pu-238 in plutonium is 13% when uranium is recycled compared 
to 1.5% for the once-through LWR. This is due to the higher Np-237 content and 
the lower production of Pu-239 by neutron capture in U-238. 

The burnup reactivity loss Ok is 0.29 for the LWR with uranium recycling compared 
to 0.25 for the once-through case because Pu-239 production decreases due to 
the higher content of U-235 and the lower flux for the uranium recycling case. 
Therefore, less Pu-239 will buildup during a cycle to replace burned U-235 and 
the relative amount of U-235 fissioned will increase compared to the once-through 
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LWR. 

When uranium is recycled in LWRs, the uranium ore need will not drop due to the 
higher fissile requirement, mainly due to the strong buildup of U-236 and Np-237. 
All waste parameters for fuel and waste increase strongly, and the Pu-238 contents 
are too high to allow for reprocessing. 

2.4.6 Transuranics Waste Produced by Equilibrium LWRs 

In the previous sections, the fuel inventories when actinides are recycled have been 
studied. In this section, an estimate of the transuranics waste will be presented 
assuming a loss fraction of 1%. The Waste Production Ratio for the equilibrium 
systems introduced in the previous section will be determined. The assumption is 
made that at the start of the operation of the equilibrium LWRs, enough material is 
present to start with the equilibrium fuel content. During operation of the LWRs, 
1 % loss of the discharged fuel per cycle is assumed. The cycle length is one 
year, and one batch is discharged per cycle. The core consists of three batches. 
It is assumed that the out-of-core inventory consists of one-batch. At the end of 
operation, the fuel inventory is supposed to be disposed of as waste. Only the 
cases for plutonium and transuranics recycling were studied. 

In figure 2.5, the Waste Production Ratio WPR for transuranics mass is presented 
for equilibrium LWRs with plutonium recycling and with transuranics recycling. 

The Waste Production Ratio for transuranics mass increases to a limit of approx
imately five for the plutonium recycling. However for transuranics recycling, the 
Waste Production Ratio does not reach a limit within 100 cycles. This is due to 
the large difference between inventory and waste produced per cycle; the latter is 
only 0.3% of the inventory for the case with transuranics recycling. So, after 300 
cycles, the amount of waste equals the inventory, which is taken into account in the 
Waste Production Ratio as potential waste. So, when the reactor is stopped after 
100 cycles, the Waste Production Ratio is about 25, which means that compared to 
once-through operation, the transuranics waste production is reduced by a factor 
of 25. Presently, it is assumed that plutonium recycling is only technically feasible 
for five cycles at maximum. Then, the reduction in transuranics production is 
reduced by maximally a factor of two26. 

2,5 Energy Scenarios and Waste Production 

In this section, we will return to our system of LWRs and Advanced Reactors to 
determine if it is possible to achieve a higher reduction in growth of transuranics 
or even achieve an actual decrease of transuranics. For the Advanced Reactors, we 
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Figure 2.5: Waste Production Ratio for transuranics mass as a function of the 
number of cycles for Equilibrium LWRs with plutonium recycling and transuranics 
recycling. 

used the advanced liquid metal reactor (ALMR), developed by General Electric 
Company, in cooperation with Argonne National Laboratory. 

Thompson explains the way the ALMR designs might be used to reduce the 
amount of nuclear waste33. First of all, reference breeder ALMR reactors might 
be started up with LWR discharges as fuel. Secondly, in symbiosis with LWRs, 
ALMR burner cores might be operated to consume the waste produced by LWRs. 
Unfortunately, Thompson did not made clear what reduction in LWR waste will 
be achieved in which time period, when ALMRs are introduced to produce nuclear 
energy33. The main emphasis of the ALMR designs developed in reference 33 for 
actinide burning was to maintain the same safety characteristics when the ALMRs 
are fueled with LWR waste. 

Cockey et al present more details on consumption rates of transuranics and minor 
actinides34'35. The changing concentrations of actinides during 50 years of operation 
in some specific burner designs are discussed. In the ALMR, 66 percent of the 
transuranics mass introduced may be consumed in that period, which is an amount 
of 3.3 tonne (MT) per reactor of 471 MW t . However, details on total reduction 
of LWR waste per unit of energy produced are not presented. 

Pigford et al present some calculations on the symbiotic combination of LWRs 

Pit-recycling 
TRU-recycling 
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and ALMRs36'37. From these calculations, one might conclude that it may take 
thousands to ten thousands of years to get a large reduction (i.e. an inventory 
reduction factor > 100) of the total amount of waste compared to the waste 
produced when only once-through LWRs would have been used to generate the 
same amount of energy. One may argue that this factor is of little interest because 
LWRs are not able to produce energy for such a long time period. 

The aim of this work is to study the potential of ALMRs to reduce the amount of 
nuclear waste in terms of transuranics mass considerably and to see if this can be 
done in a shorter time period than was obtained by Pigford. Shorter time scales 
have been considered because one cannot expect acceptance of scenarios where 
waste reduction takes thousands of years of nuclear power plant operation. 

Three energy scenarios are considered in which ALMRs are used to reduce LWR 
waste: one scenario, called the fast decline scenario, is based on a fast decline 
in the use of nuclear energy after fifty years of constant power production and is 
using burner ALMRs, and the second, called low increase scenario, is based on a 
small increase of nuclear power production during a longer time period using low 
breeding and burner ALMRs. The third scenario, called the high increase scenario, 
considers a strong increase in nuclear power production during 100 years using 
high breeding and burner ALMRs. 

2.5.1 Energy Scenarios 

We assume that all LWR reactors presently operating in the world take part in our 
system. According to reference 2, 323 GWe electricity is produced by LWRs in 
the world. Also, we assume that all transuranics waste takes part in the system: 
about 106 kg transuranics1. Part of this amount is still present in the operating 
LWRs (about 175,000 kg). The power of the LWRs is assumed to be 1400 MWe . 

In the fast decline scenario, the nuclear power production is kept constant during 
50 years. Thereafter, all remaining LWRs are stopped. The number of burner 
ALMRs started up is determined by the initial amount of transuranics waste and 
the amount of transuranics waste produced by once-through LWRs during these 50 
years. 335 ALMRs of 155 MWe (thermal power is 471 MWt assuming a thermal 
efficiency of 33%) will be started and 37 out of 231 LWRs will be stopped at 
the beginning of this scenario. The goal is to use all LWR discharges in ALMRs 
for at least one cycle during the 50 years considered, which determines the above 
mentioned numbers. All ALMRs are operated in a burner mode and need to be 
fed with fuel made of LWR discharges every cycle34. 

In the low increase and high increase scenarios, all initial transuranics waste is used 
to start up breeder ALMRs. Because the operating LWRs and ALMRs produce 



2.5. ENERGY SCENARIOS AND WASTE PRODUCTION 29 

fuel material for other ALMRs, once in a while a new ALMR is started up. After 
50 years, the number of LWRs is gradually reduced until all LWRs are shutdown at 
100 years from the start of these scenarios. After the first 100 years, the ALMRs are 
changed to be completely self supporting and each reactor produces just enough 
new fuel material for itself during the following 100 years producing constant 
power. The number of low breeding ALMRs of 155 MWe started is about 248 and 
about 27 out of 231 LWRs will be stopped at the beginning of the low increase 
scenario. For the high increase scenario, 162 high breeding ALMRs of 280 MWe 

are started and 32 LWRs are stopped at the start of this scenario. 

At the end of all three scenarios, i.e. 50, 200, and 200 years for, respectively, 
the fast decline, the low increase, and the high increase scenarios, only reactor 
operation to reduce the nuclear waste will be considered and reactor operation 
will be focused on nuclear waste reduction instead of maximization of energy 
production. Then, the fuel inventory will be used in ALMR burners to reduce 
this inventory. The number of burners decreases in time, because each burner 
needs a certain amount of new fuel every cycle, which will be made of fuel of the 
stopped ALMRs. This ALMR stand-alone operation may continue until the last 
ALMR requires shutdown due to lack of fuel material. In this study, a maximum 
stand-alone burner operation time of 200 years is considered. 

In figure 2.6, the power production is shown for the three scenarios as a function 
of operating time. For the fast decline scenario, the produced power decreases 
after 50 years because all LWRs are shutdown at once. For the low increase 
scenario, the gradual reduction of LWRs after 50 years can be seen to be larger 
than the increase of the number of new ALMRs. For the high increase scenario, 
the influence of shutdown of LWRs on the power is not strong due to the high 
breeding ratio of the ALMR design used in this scenario, which leads to start-up 
of new ALMRs. 

Every cycle, the number of operating reactors is calculated by using some basic 
equations which are dependent on the energy scenario. The amount of transuranics 
waste produced in processing is subtracted from the total amount of transuranics 
mass in the fuel and the amount of transuranics waste produced by LWRs is added 
to the total amount of transuranics mass in the fuel available for ALMRs. This 
total amount of fuel is used to calculate a new discrete number of ALMR cores. 
Also, the total amount of transuranics waste produced by LWRs is calculated for 
the same energy production with once-through LWRs. 

2.5.2 Reactor Designs 

The reference design in 1992 of the ALMR is a 471 MWt (155 MWe ) modular 
breeder reactor fueled with a ternary metal fuel, and this core design is labeled 
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Figure 2.6: Power production level as a function of operating time for the three 
energy scenarios. 

ALMR-92Q638. Several metal fueled burner cores have been developed in the 
ALMR program and studied for their actinide burning capabilities33'35. In this 
study, the burner design with the highest transuranics consumption rate has been 
used, labeled ALMR-92I34. An alternative, larger ALMR design developed in 1993 
is a 840 MWt (280 MWe) modular breeder reactor. By adding more axial blanket 
material, this design becomes a high breeder design, labeled ALMR-93M5, with a 
breeding ratio 1.23 instead of 1.06 for the 92Q6 design. This high breeder reactor 
is used in the third scenario. 

In table 2.4, data on mass inventories and flows of the 1992 and 1993 metallic 
fueled ALMR reference and burner designs are presented and are normalized to 
an electric power production of 155 MWe . Also, the amount of transuranics 
produced by a once-through LWR normalized to 155 MWe is presented. The 
smaller inventory of the burner (ALMR-92I) represents the fact that no blankets 
are present. A higher amount is discharged for this case because the number of 
batches in-core is three, w'.ereas this is higher for the blankets of the breeders. 
The inventory of the large breeder (ALMR-93M5) is smaller than of the small 
breeder (ALMR-92Q6), because it is normalized to the same power. The data for 
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Table 2.4: Mass inventory and flows for a once-through LWR, the ALMR reference 
core 92Q6, the ALMR burner core 921, and for the ALMR high breeder core 93M5. 
All reactors are normalized to operate at 155 MW^ with a thermal efficiency of 
33% and a capacity factor of85%. 

Reactor 
LWR 

ALMR 92Q6 
Low Breeder 

ALMR 921 
Burner 

ALMR 93M5 
High Breeder 

Parameter 
discharged 

inventory 
discharged 

bred 
inventory 

discharged 
burned 

inventory 
discharged 

bred 

TRU Mass 
41.6 kg/y 

3442.7 kg 
329.6 kg/y 

10.7 kg/y 
2583.8 kg 

380.4 kg/y 
51.0 kg/y 

2931.5 kg 
307.1 kg/y 
31.3 kg/y 

the burner 921 is used in the fast decline scenario, and for the stand-alone burner 
operation to end all three scenarios. The data for the 92Q6 reference breeder is 
used in the low increase scenario, and the data for the 93M5 breeder is used in 
the high increase scenario. For the self supporting reactor operation, data for the 
breeders is used except for the amount bred which is changed to zero. 

2.5.3 Waste and Energy Production 

In figure 2.7, the integrated amount of transuranics waste for the fast decline 
scenario is presented for processing loss fractions of 0.1% compared to the waste 
produced when only once-through LWRs would have been used to produce the 
same amount of energy. 

The integrated amount of transuranics waste for the fast decline scenario using 
ALMR burners is much lower due to the recycling of the actinides. The sharp 
increase at the end of operation is due to the fuel inventories of the remaining 16 
ALMRs, which have to be disposed of. It would take another 166 years to reduce 
the remaining inventories to the inventory of one ALMR. For the low increase 
scenario, the number of remaining ALMRs after 400 years of operation is 60, 
and it would take another 232 years to reduce the remaining inventories to that of 
one ALMR. For the high increase scenario, the number of remaining ALMRs is 
65, producing 280 MWe each, and it would take another 236 years to reduce the 
remaining inventories to that of one ALMR, producing 280 MWe . 
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Figure 2.7: Integrated transuranics waste as a Junction of operating time for the 
fast decline scenario. 

In figures 2.8 and 2.9, the Waste Production Ratio WPR and the Waste Ratio WR 
for transuranics mass for the three energy scenarios are presented for processing 
loss fractions of 0.1 % as a function of Operating Time. For each Operating Time, 
we assume that the scenario is stopped, which means that the inventory of the fuel 
cycle is assumed to be disposed of as waste. 

In table 2.5, these ratios are presented for three Stand-Alone Burner Operation 
Times (SABOT = 0, 100, and 200 years), which are measured from the end of 
each scenario: 50,200 and 200 years for the fast decline, the low increase, and the 
high increase scenario, respectively. 

The Waste Production Ratios for the three scenarios are almost the same for equal 
Stand-Alone Burner Operation Times. The ratios are small when the Stand-Alone 
Burner Operation Time is zero at 50,200, and 200 years after the beginning of the 
scenarios for the fast decline, the low increase, and the high increase scenarios, 
respectively. The Inventory and Waste Ratios increase strongly when the Stand-
Alone Burner Operation Time increases. The maximal Waste Production Ratios 
will be obtained when only one ALMR remains. Then, the Waste Production 
Ratios are 265,141, and 137 for the fast decline scenario, the low increase scenario, 
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and the high increase scenario, respectively. 
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Figure 2.8: Waste Production Ratio as a function of operating time for transuranics 
mass for the three energy scenarios. 
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Figure 2.9: Waste Ratio as a function of operating time for transuranics mass for 
the three energy scenarios. 
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The amount of transuranics waste including the potential waste in the fuel cycle 
will increase compared to the initial amount of transuranics waste (WR < 1.0), 
if no stand-alone burner operation is considered, especially for the low and high 
increase scenarios. However for long burner operation, the initial amount of 
transuranics waste can be reduced substantially, even for the low and high increase 
scenarios. 

Table 2.5: Waste Production Ratios WPR and Waste Ratios WR for three energy 
scenarios using the ALMR burner for three Stand-Alone Burner Operation Times 
(SABOT) and a processing loss fraction of 0.1%. 

Scenario 
SABOT [y] 
fast decline 
low increase 
high increase 

WPR 
0 

2.4 
2.7 
2.6 

100 
20 
21 
21 

200 
93 
81 
79 

WR 
0 

0.4 
0.1 
0.06 

100 
3.7 
0.6 
0.4 

200 
12 

2.3 
1.4 

The Inventory and Waste Ratios are not only sensitive to the operation time, but 
also to the processing loss fraction. Processing losses in the range from 1% down 
to 0.1 % are likely in the future for the pyroprocess to be used for metallic fuel39. In 
this study a range up to 4% is considered. In figure 2.10, the Inventory and Waste 
Ratios are presented for the v A decline scenario as a function of the reprocessing 
loss fractions. 

For higher loss fractions, the Inventory and Waste Ratios are much smaller due to 
the higher integrated amount of transuranics waste. Then, long stand-alone burner 
operation to reduce the fuel inventory of the ALMRs is not helpful. To obtain 
substantial ratios, the loss fraction has to be at least less than 0.5%. 

We have seen that the Waste Production Ratio is very dependent on the loss fraction 
and only slightly dependent on the energy scenario as long as stand-alone burners 
are operated to end each scenario. The question arises in which situation the 
operation of the stand alone .burners is still significant. Let's say that a significant 
change in the Waste Production Ratio is by a factor of 10 in 200 years. This 
is, of course, an arbitrary choice. We calculate the loss fraction and the energy 
production which will obtain this factor of 10 for the high increase scenario. The 
amount of energy is represented by the time of operation of the break-even ALMR. 
So, the start-up level achieved after 100 years of operation of breeder ALMRs is 
not changed. The minimum amount of energy produced is equal to 61 TWey, for 
which significant burner operation can be obtained for loss fractions smaller than 
1.8%. The results are presented in figure 2.11. 
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Figure 2.10: Waste Production Ratio and Waste Ratio as a function of reprocessing 
losses for transuranics mass for the fast decline scenario. 
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Figure 2.11: Relation between loss fraction and number of years cf break-even 
operation for which significant burner operation in 200 years is possible. 
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For every point to the left side of the graph, significant burner operation is possible. 
So, for a small loss fraction (i.g. 0.2%), it is almost always significant to operate 
a burner for a period of time. 

Another possibility is that one operates LWRs and burns all the potential waste 
produced after LWRs have been stopped. We calculated the Waste Production 
Ratio assuming that the burners are ALMR burners. In 50 years, the amount 
of potential waste from LWRs is six times more than 106 kg assumed before. 
So, many more ALMR burners have to be started up; in fact, 1955 ALMRs of 
155 MWe have to be started, which is almost six times more than for the fast 
decline scenario. Of course, one might start up less ALMRs, but this will mean 
an increase in time to achieve the same waste reduction. The Waste Production 
Ratio is similar to the one calculated for the fast decline scenario, it reaches the 
same value 50 years later. 

The Waste Production Ratio for transuranics waste is not very dependent on the 
energy scenario, but mainly on the stand-alone burner operation time and the loss 
fraction in fuel processing. Stand-alone burner operation times of several hundreds 
of years and loss fractions less than 0.5% are needed to obtain an Waste Production 
Ratio of 100. If ALMR burner reactors are not used in stand-alone mode after 
the symbiosis with LWRs, a small Waste Production Ratio of three is obtained. 
So, one should always operate ALMRs in stand-alone burner operation mode, if 
ALMRs are considered for transuranics inventory reduction. This is the main 
reason for the difference between the operation times mentioned in this study and 
the operation times mentioned by Pigford in references 36 and 37. 

This study shows the possibility for nuclear energy production using ALMRs 
without an increase oi the initial amount of transuranics waste. This is true even 
for large loss fractions of 4% and operation times of about 200 years. 

Finally, we conclude that the development and operation of special burners is only 
significant when the reprocessing losses are small and the energy production is 
limited. In this thesis, we assume that this will be the case. 

2.6 Physics Aspects of Burner Design 

2.6.1 Burner Design Objective 

In the previous section, we have shown that for low loss fractions in reprocessing, 
low waste production can be achieved by operating special burners, which reduce 
the inventory of the systems at the end of the nuclear era. In this PhD-study, the 
optimization of the loss fraction is not studied, but in the last section we showed 
that for larger loss fractions, waste reduction compared to once-through LWRs's 
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small. We assume that sufficiently low loss fractions can be obtained. 

In this section, the transmutation potential of a reactor system will be studied. 
Two parameter dependencies will be considered: dependence on uranium content, 
and dependence on flux spectrum. This section provides the knowledge to decide 
which reactor types have favorable characteristics for burning transuranics. 

Slessarev and Salvatores express the transmutation potential of nuclear systems by 
the neutron excess available for transmutation of actinides and long-lived fission 
products40'41. The neutron excess is important to be able to transmute long-lived 
fission products. The conclusion of that paper is that one either needs fast reactors 
or hybrids of a reactor and accelerator. In a fast reactor spectrum, more actinides 
have a positive neutron balance compared to thermal systems, because the fission 
cross sections of fissionable isotopes relative to the capture cross section increase 
for higher energies. In a thermal spectrum, the fissionable isotopes have a negative 
neutron balance, because the ratio of fission and capture cross section is low. 
For high fluxes, however, this balance is positive for some specific fissionable 
isotopes40'41. Furthermore, the extra neutrons produced by an accelerator can be 
used to load extra fission products compared to a critical system operated without 
accelerator. 

In this study, we only deal with actinides, and the neutron excess is not important, 
assuming that critical operation on the actinides is possible. However, neutron 
excess is very important when transmutation of fission products is the objective, 
because this determines the amount of fission products which can be transmuted. 
The burning capabilities are expressed in the three factors defined at the beginning 
of this chapter: time (Inventory Transmutation Time), amount (burned amount 
of transuranics), and reduction (Waste Ratio). These factors will be studied as a 
function of transuranics enrichment and flux spectrum. Another important physics 
parameter is the flux level. This level is dependent on material constraints and is 
therefore considered in the next chapters as an outcome of the design. 

2.6.2 Waste and Enrichment 

To optimize a burner, the fewest possible neutron captures in Th-232, U-235, and 
U-238 and as many as possible fissions in the artificial radioactive actinides should 
be accomplished. So, the ratio 

S W ( £ S + =8 + Eg) = (NARA<7f
ARA)/(N2^ + N*o% + N*0i) 

should be maximized. This will be the case for a high enrichment of the artificial 
radioactive actinides. Also, the ratio of microscopic fission cross section of the 
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artificial radioactive actinides to the microscopic capture cross sections of Th-232, 
U-235, and U-238 should be high. 

Some data for typical reactor spectra are presented in table 2.6. Pu-239 is used, 
because this isotope is directly produced by neutron capture in U-238. Neutron 
capture in U-238 is the main production path of transuranics for most reactor 
types. The transuranics of a once-through LWR discharge consist of about 54% 
of Pu-23930. The transuranics in the fuel of a fast reactor consist of about 56% of 
Pu-23942. 

The cross section data of the following reactor types were used: 

• CANDU: The thermal flux is half of the total flux43. 

• LWR: Approximately one seventh of the flux is thermal30. 

• FR: The thermal component is almost zero, the flux in the resonance energy 
range is about 20% of the total flux42. 

• Fission spectrum reactor: The thermal and resonance flux are almost zero. 

Table 2.6: Spectrum-weighted one-group fission cross sections for Pu-239 and 
capture cross sections for U-238. 

spectrum 

CANDU 
LWR 
FR 

Fission 

cross section [b] 

fission Pu-239 
267.0 
121.0 

1.85 
1.75 

capture U-238 
1.16 
0.9 
0.3 
0.1 

'"-"7 
ZJLUS. 

230.0 
134.0 

6.2 
17.5 

The ratio of the fission cross'section of Pu-239 and the capture cross section of U-
238 is highest for the CANDU reactor, which has the most thermalized spectrum. 
This is due to the strong decrease in fission cross section of Pu-239 with energy. 
For fissionable isotopes like Pu-240, the fission cross section will increase with 
energy, mostly to a value of about 1 to 2 barn. For a typical fuel with more than 
50% Pu-239 in the transuranics, the fission cross section of the transuranics will 
mainly be determined by the fission cross section of Pu-239. Therefore, the most 
thermalized spectrum will have the lowest net production of transuranics for a 
certain transuranics enrichment. 

When no U-238 is present, the net burned amount of radioactive actinides is com
pletely determined by the energy production, which is proportional to the power 
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of the burner. Assuming an average mass number of 240, a thermal efficiency of 
33%, and thermal energy produced per fission of 200 MeV, the burned amount of 
transuranics per MWe annually is 1.2 kg/MWey . 
For a burner without U-238, the Waste Ratio is proportional to the ratio of the 
burned amount and the inventory of the reactor, assuming that the losses in repro
cessing are proportional by the inventory, and thus the Waste Ratio is proportional 
to the specific power of the reactor. The Inventory Transmutation Time is inversely 
proportional to the specific power. 

2.6.3 Transmutation Efficiency of a Transuranics Fueled Reactor 

The best transmutation system will not contain any uranium or thorium. In this 
section, the relation between flux spectrum and transmutation efficiency for a 
transuranics system is studied. In the previous section, it was shown that the 
burned amount of transuranics per unit of time is completely determined by the 
power of the burner when only transuranics are present: 

1 f ^cyc t 

BU(t) = — - / / Ef(t,E)<j){t,E)dEdt • V. (2.6) 
I eye JO J 

When both the power and the specific power of a design are fixed, the transuranics 
inventory and thus the burner capability is fixed, and the choice of flux spectrum 
will make no difference, except on the isotopic composition of the fuel. The 
dependence of isotopic composition on flux spectrum is studied in this paragraph. 

The following system has been considered: A continuous load of LWR discharges 
is fed to the burner. Assumed is that no reprocessing is carried out and no fission 
products are present in the system. So, it is a system in which mass is loaded and 
energy is produced. Then, after a while, the nuclei fed to the system will be equal 
to the nuclei fissioned. Furthermore, it is assumed that only transuranics will be 
present in the system. So, the number of fissions in the system is equal to the 
amount of transuranics burned. The produced energy is completely determined 
by the amount of material fed to the system. The flux level is determined by the 
specific power and the flux spectrum. 

The program EQUI is used to calculate the inventory of the burner system with 
a continuous feeding of LWR discharges and fixed specific power. In EQUI, it is 
possible to calculate the influence of feeding a mixture of actinides into the reactor, 
EQUI determines the equilibrium concentration of that reactor with that feed 
vector. The actinide burning capability is determined by comparing the inventory 
vector and the feed vector of a reactor type for a specific power, which is equal to 0.4 
MWt /kg(HM). This specific power is based on a typical flux level for an LWR, but 
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is about a factor 10 higher than for normal LWRs. So, the transuranics should be 
diluted, for instance in an inert matrix of MgO. In these calculations, selfshielding 
effects were not accounted for leading to overestimated cross sections, especially 
for the thermal spectrum reactors. This leads to overestimated transmutation rates, 
which leads for a fixed power and flux to a smaller inventory and an overestimated 
specific power. 

The neutron spectra of the CANDU, LWR, Fast Reactor, and the fission spectrum 
reactor were used. The LWR cross sections were obtained from reference 30, the 
cross section for CANDU were obtained from reference 43, the cross sections for 
Fast Reactors were obtained from reference 42, and the cross sections for a fission 
spectrum were calculated by collapsing the JEF-1 data file with a fission spectrum. 

In three years, an amount of 10 kg of LWR discharges is fed to the burner, which 
is equal to the amount of transuranics mass produced by a 13 MWe once-through 
LWR in three years. In these three years, the 10 kg of transuranics fed to the 
burner is transmuted, when the reactor is in equilibrium. This 10 kg of transuranics 
fissioned is equal to an energy production of 8.5 MWt for three years. 

In table 2.7, the relative element masses of the transuranics inventory of the four 
burner types are presented. Also, the numbers for an LWR discharge are presented. 

Table 2.7: Relative element masses for the four flux spectra. 

case 

discharge 
LWR 
CANDU 
FR 
FISSION 

flux 
[1014 c m - V 1 ] 

• 

2.0 
1.7 

57.0 
35.0 

Np 
4.6 
3.2 
2.2 
3.5 
4.7 

elements 
Pu 

89.2 
41.1 
40.7 
80.6 
86.5 

Am 
6.0 

11.1 
7.8 

11.0 
7.8 

Cm 
0.2 

44.4 
49.1 

4.9 
0.9 

Koo 

1.2 
1.09 
1.14 
1.9 
2.7 

The transuranics discharge of LWRs for a burnup of 33 MWd/kg(HM) consist 
mainly of plutonium (90%). In thermal spectrum reactors, this plutonium is partly 
transmuted to Minor Actinides (MA), and the relative content of plutonium is about 
40%, while the content of curium is almost 45%. For the fast spectrum reactors, 
the relative content of plutonium is only slightly lower than for the LWR discharge. 
This is explained by the change in ratio of capture to absorption cross sections, 
which is extremely large for the fissionable isotopes like Pu-240. For instance, 
the ratio of capture and absorption cross section for Pu-240 is 0.997 and 0.45 for 
the LWR and the fast reactor, respectively. Therefore, the production of higher 
actinides is much lower for the fast reactor. The infinite multiplication factor k,» 
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for the LWR is 1.09, which is considerably lower than the koc of once-through 
LWRs (not including fission products) at the end of cycle (« 1.2). The k^ of 
the transuranics mixture is higher for the other flux spectra: 1.14 for the CANDU 
spectrum, 1.9 for the fast reactor spectrum, and 2.7 for the fission spectrum. 

In conclusion, to optimize a burner fueled with transuranics only, the power 
and specific power should be as high as possible. For the thermal spectra, the 
reprocessing and fuel fabrication will be extremely difficult due to the buildup of 
short-lived and spontaneously fissioning actinides. The low infinite multiplication 
factor for thermal systems shows that neutron losses by leakage and parasitic 
absorptions should be kept as low as possible. 

2.7 Conclusions 

We started this section with a discussion of the properties of nuclear waste. Several 
quantities can be considered describing the risks and costs of nuclear waste to 
society, but most of these are sensitive to changes in basic data. Therefore, the 
waste parameter transuranics mass is used, because it is a fixed quantity and it is 
a good representation of the long term radiotoxicity of the actinide waste. 

For low loss fractions during reprocessing, the waste produced per unit of produced 
energy can be reduced by using special burner systems to reduce the inventory 
at the end of the nuclear era. Using burner systems, nuclear energy can be 
produced for a long time period without increasing the actinide waste currently 
present. High reductions can be obtained compared to producing energy with 
once-through LWRs. 

Also, the physics aspects of designing a burner were considered. One system 
emerged: The one with the highest power and specific power and without any 
of the basic isotopes: Th-232, U-235, and U-238. In this system, the amount of 
transuranics burned per unit of time and electric power is 1.2 kg/MWey , which 
is the maximum value to be achieved. Other parameters are of no importance 
considering the physics of burners, unless the basic isotopes are present. Then, for 
a fixed enrichment, the reactor with the most thermalized spectrum will produce the 
lowest amount of transuranics by neutron capture in U-238. In the next chapters, 
technological aspects of burner design are considered. These aspects concern 
material constraints, safety, and reliability. 





Chapter 3 

LWR Waste Reduction with 
ALMR Burners 

3.1 Introduction 

The influence of the neutron spectrum on burner characteristics has been studied in 
chapter two. It was shown that for a fast reactor, higher actinides are being built up 
at a lower rate than for thermal reactors. These higher actinides cause problems in 
reprocessing because of the neutrons from spontaneous fission of higher actinides 
and the high a-activity. Therefore, the fast reactor technology is currently best 
equipped to handle actinide waste. 

Almost all literature on the application of f ast reactors for transmutation of actinides 
can be divided into two subjects: 

1. Operation of a purely transuranics or minor actinides burner containing no 
U-238 

2. Adding minor actinides in the fast reactor core 

The first approach, a fast spectrum burner without U-238, is studied by Mukaiyama 
and by Hill14'44. Mostly, these studies include no or little information on safety 
characteristics. Mukaiyama presents a sodium void worth of 2.5 %6k /k (16$, 
where 1$ is equal to /3, the fraction of delayed neutrons per fission, equal to 0.0016 
according to Mukaiyama), which is almost a tripling of the effect compared to 
fast reactors containing U-238. This reflects the very hard flux spectrum due 
to the presence of only minor actinides14. Furthermore, the absence of Doppler 

43 
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broadening of the U-238 resonances will reduce the negative Doppler feedback. 
Currently, fast reactor burners without U-238 are only considered as part of a hybrid 
system, in which a subcritical fission reactor is operated with an external source, 
for instance an accelerator. Then, reactivity coefficients are not as important, 
because of the subcritical operation of the reactor. 

Addition of minor actinides to an oxide fueled fast reactor and to a metallic fueled 
fast reactor was studied by Strömich et al29 and by Timm et al45. The influence 
of addition of minor actinides on quantities like sodium void worth, Doppler 
coefficient, bumup reactivity loss, and the control rod worth were studied. Also, 
the influence of core size on transmutation rate was studied. It was concluded 
that the addition of minor actinides reduces the burnup reactivity loss per cycle, 
but that the sodium void effect, which is a negative characteristic of a fast reactor, 
is increased. The Doppler coefficient is decreased due to the addition of minor 
actinides. It was concluded that reduction of core size leads to a reduction in the 
amount of minor actinides burned. For addition of 15%(HM) minor actinides, the 
amount of minor actinides burned is about 0.33 kg/MWe-y, whereas the amount of 
transuranics burned is maximally 0.36 kg/MWey , which is achieved in a smaller 
core. 

Timm et al compare addition of minor actinides to an oxide fueled design with 
addition of minor actinides to a metallic fueled design, with the same core layout45. 
The only change in the core design was a longer in-core residence time for the 
oxide fueled core to achieve the same burnup. It was concluded that the burning 
capabilities of minor actinides in these cores are about the same, but that the safety 
characteristics are better for the oxide fueled core. 

Many of these studies consider only minor actinides, and the plutonium isotopes 
are considered as "fuel." As already argued in chapter 1, a proper recycling scheme 
should include plutonium12. Very few studies consider recycling of all actinides for 
fast reactors. Cockey et al present three Advanced Liquid Metal Reactor burner de
signs operating on metallic fuel34. These reactors consume transuranics from LWR 
discharges. The designs differ in core height and cycle length. Although these 
designs are optimized on neutronics behavior, little is known on the systematic 
optimization of such a design for both neutronics and TRU burning. 

In this chapter, relations between reactor parameters like core height and cycle 
length, and the burning capabilities of ALMR burners operating on LWR dis
charges are studied to optimize burners in a systematic way. With the developed 
approach, an oxiüe and metallic fueled burner are optimized for burning actinide 
waste. In the next section, the Advanced Liquid Metal Reactor is introduced. 
Then, the design process and the calculational methods are explained. 
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3.2 The ALMR system 

In 1982, General Electric started the development of an oxide fueled small fast 
reactor, with a thermal power of 300 MWt . This reactor was called the Power 
Reactor Inherently Safe Module (PRISM). At the same time, Argonne National 
Laboratory (ANL) started the Integral Fast Reactor (IFR) project. In this project, 
the knowledge of metal fuel processing developed in the military industry was 
used in the development of a metal fueled fast reactor in which the fuel would be 
produced and reprocessed on-site. In 1985, GE started work on metallic fuel, and 
raised the thermal power to 425 MW t . By that time, GE concluded that the name 
inherently safe reactor was too ambitious and changed the name to Power Reactor 
Innovative Small Module. 

The ALMR program started in 1987 as the Department of Energy (DoE) funded 
long term nuclear program, in which the design of the PRISM and the fuel cycle 
development of IFR are combined. In 1990, the power of the ALMR was increased 
to 471 MW t , because of the better performance of the metal fuel compared to 
the oxide fuel and the use of the ferritic stainless steel alloy HT-9 as a structural 
material, which has low swelling in high radiation levels. 

Because of economics of scale and the difficulty in designing an oxide fueled 
alternative, the thermal power of the ALMR module was increased in 1993 to 
840 MWt . Oxide fuel is maintained as an alternative to the reference metallic 
fuel, because of some uncertainties involved in the cost and development of the 
reprocessing technique for metallic fuel called pyroprocessing. 

The development program of the ALMR focuses on the design certification by the 
Nuclear Regulatory Commission in 2008. One of the major steps in the process is 
the construction of a prototype, whose anticipated operation will start in 2004. 

The ALMR design goals are a safe, reliable, and economically competitive liquid 
metal fast reactor power plant. The ALMR is designed with the following key 
features46: 

1. The capability to utilize long-lived radioactive actinide material from LWR 
spent fuel. 

2. Passive reactivity control to a safe, stable state during undercooling and 
overpower transients with failure to scram, with abundant time for ultimate 
shutdown to cold conditions by operator initiated action. 

3. Protection against severe accidents by a combination of simple and passive 
design features. 

4. Passive shutdown heat removal for loss-of-cooling accidents. 
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5. Self-sustaining fissile supply with capability for breeding more fuel than is 
consumed. 

6. Compact modules to enable factory fabrication 

In figure 3.1, an overview of an ALMR module is shown. 
EWIMMCNT 

Figure 3.1: Overview of an ALMR module. 

The reactor module is about nine meters in diameter and about 18 meters high. Full 
containment is provided by the containment vessel, which surrounds the reactor 
vessel, and the containment dome, which encloses the head access area above 
the reactor closure. The reactor module, the intermediate heat transport system 
(IHTS), and the major portion of the steam generator are underground46. 
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Primary sodium is circulated in the reactor by four electromagnetic pumps during 
normal operation. Important for safety is that the primary sodium circulates in the 
reactor vessel. Both the pumps and the intermediate heat exchangers are located 
in the vessel. 

A feature of the ALMR module is the passive backup decay heat removal provided 
by the radiant vessel auxiliary cooling system (RVACS). This passive system 
can remove the reactor's decay heat without damage to the reactor. Another 
alternative design feature is the 30% lower specific power than earlier designed 
fast reactors and a heterogeneous core layout to enhance breeding and reduce the 
burnup reactivity loss47. As a consequence, the control rod worth was limited such 
that if any single control assembly were inadvertently withdrawn from the core, 
the resulting transient would be limited by the core with no fuel melting and no 
pin failures47. 

To increase the negative reactivity feedback during a loss of flow without scram 
transient, gas expansion modules (GEM) are placed in-core. The GEM is a hollow 
assembly duct, placed in the reactor core which is sealed at the top and open at the 
bottom. A helium gas bubble trapped inside the assembly expands when the core 
inlet pressure decreases and expels sodium from the assembly. When the GEM is 
positioned at the periphery of the core, the drop in the sodium level increases the 
core neutron leakage and reducing reactivity. Six GEMs were incorporated in the 
ALMR design for this approach47. 

The reprocessing technique for metallic fuel is based on pyroprocessing. In this 
process, spent fuel from ALMRs is fed to an electrorefiner, in which the actinides 
and some rare earths fission products are collected at a liquid cadmium cathode. 
The cathode deposits are recovered and sent to a cathode processor, which is a 
high temperature vacuum furnace. The metal ingots resulting from the cathode 
processing are free of impurities. The next operational step is injection casting; 
uranium, plutonium, minor actinides, and zirconium are blended and casted into 
slugs suitable for loading into new fuel rods. The whole process will be carried out 
remotely, which is possible due to the simplicity of all operations48. This is the main 
advantage of this process compared to the process used for oxide fuel. It is called 
PUREX and TRUEX for plutonium and minor actinides recovery, respectively. 
This process is an aqueous process, in which the fission products and the actinides 
are separated because of a difference in solubility. Wichers presents an overview 
of these two reprocessing techniques focussed on the proliferation resistance49'50. 
It was concluded that a definite advantage of one or the other system does not 
exist, although material control in pyroprocessing will be difficult, because of the 
continuous process of dissolving and extraction. 

Claims have been made that pyroprocessing can attain losses smaller than 0.02%". 
Other publications give more conservative estimates of 1%10'39. Thompson et al 
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estimate the reprocessing losses for the aqueous process to be a factor of at least 
ten times smaller39. 

3.3 Design Approach 

The primary goal of the design of a reactor core is to determine that set of system 
parameters which will yield reliable, safe, and economical operation at the rated 
power level over the desired core lifetime. All these goals will impose several 
constraints on reactor performance. This design process for an ALMR core is 
presented in figure 3.2 in which the left side gives all the necessary steps in 
evaluation of the design, the system parameters are represented by the right block 
in the figure, and all constraints are represented by the middle block. 

The ALMR design is described by seven design parameters: The thermal power, 
fuel pin design, the assembly design, the core zoning, the core height, the cycle 
length, and the number of batches. The thermal power will be prefixed in this study. 
The actual thermal power requested is chosen for economical reasons, which are 
partly influenced by the reactor physics characteristics of the design. Furthermore, 
we will not change the assembly design, because this will influence the thermal 
hydraulics of the design, which will not be the subject of this study. Also, the pin 
design will be changed only by assuming no changes in the thermal hydraulics. 
The core zoning for the burners is not changed because a quantitative optimization 
method including zoning will be very difficult. Each of the other parameters can 
be changed during the design process. So, in this study, four design parameters 
will be considered: the pin design (represented by the fuel volume fraction), the 
core height, the cycle length, and the number of batches. 

The design process can be described by a number of steps: 

1. ALMR design parameters are chosen on the basis of preliminary thermal 
hydraulic analysis and experience (first guess). 

2. ALMR design parameters are optimized to fulfill all neutronics constraints 
(burnup reactivity loss, peak fuel burnup, peak fast fluence, peak linear 
power, and TRU enrichment) imposed on the ALMR. The value of the 
quantities on which constraints are imposed is calculated in the neutronics 
calculation, in which mass balances, fluxes, and depletion are calculated. 

3. Determined next is the reactivity control requirement comprising burnup 
reactivity loss, temperature defect, fuel axial growth, overpower margin, 
shutdown margin, and uncertainties in all these. 
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4. Calculation of the control rod worth. If the control worth is too low to 
accommodate the burnup reactivity loss, the limit on the burnup reactivity 
loss should be adjusted; the ALMR design should be changed, and the 
optimization should be redone. 

5. Calculation of thermal hydraulic behavior. The assumptions to determine the 
pin and assembly design should be confirmed, especially concerning peak 
fuel, cladding, and moderator temperatures, cladding thickness and duct 
dilation. A restatement of some constraints, especially peak linear power 
and fast fluence, is possible. In this study, this step was not considered, 
because for most designs the constraints are stringent enough to keep the 
chance of pin failure low. 

6. Calculation of the reactivity coefficients, which determine the behavior of 
the reactor in transients: temperature coefficients, expansion coefficients, 
and sodium density coefficient. 

7. Calculation of the safety characteristics of the design in several reactiv
ity accidents. Especially cladding attack and cladding failure should be 
determined. A restatement of some constraints is possible. 

These steps are repeated until all parameters are within the constraints. The design 
is optimized economically when the average linear power density and the average 
burnup are maximized. The linear power density is directly related to the power 
density, which is maximized to minimize core volume, and the average burnup 
is equal to the energy per unit of mass produced in the fuel before it will be 
reprocessed. So, a higher burnup means that fuel has to be reprocessed at a later 
time, and that per unit of energy, less fuel is reprocessed, which increases the 
economic efficiency of the design. High average linear power density and burnup 
can be obtained when the peak values are equal to the limits imposed on them, and 
when the power distribution is as flat as possible. 

In the design process, the results are compared with constraints imposed on per
formance parameters of the design. These constraints are: 

1. The burnup reactivity loss should be kept below 12$ for burner cores to 
ensure proper reactivity control. The use of control rod stops to control 
reactivity insertion to a maximum of 0.3$ is feasible for this limit. A lower 
limit could result when the control rod worth is too low. 

2. The peak fuel burnup should be limited to about 150 MWd/kg(HM) to limit 
the cladding strain from the fission gas buildup in the upper plenum region 
and to assure proper fuel performance and fuel pin integrity. 
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Figure 3.°: Flow diagram for the design process of an ALMR core. 

3. The peak fast neutron fluence should be limited to about 3.6 1023 n/cm2. 
This limit is based on constraints imposed by the use of HT9 ferritic steel 
as the core structural material, which might swell appreciably above this 
fluence. 

4. The peak linear power should be below 32.8 kW/m to exclude fuel melting 
in steady state and transient conditions. 

5. The transuranic enrichment should be limited. For the oxide fuel, the 
TRU enrichment should be less than about 33 w/o, to ensure proper fuel 
fabrication. The solubility of plutonium in HN03 is reduced when the 
enrichment is above this limit and hydrogen-fluoride has to be used in fuel-
processing. This will lead to a strong increase of the fuel fabrication costs52. 
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The TRU enrichment for metal fuel should be less than 30 w/o of the ternary 
alloy to remain in the range of the current metallic fuels database". 

6. The cycle length should not be shorter than 12 months, because of plant 
availability, which should be as high as possible for economical reasons. 

Furthermore, some constraints are imposed on the design for safety. These con
straints can not be quantified that easily, and should be determined for every design 
by a safety analysis: 

1. The sodium void effect should be sufficiently small. 

2. The Doppler coefficient should be sufficiently negative. 

3. The code limits proposed by the American Society of Structural Mechanical 
Engineers (ASME) should be maintained for all reactor structures. 

4. The cladding attack by fuel/clad eutectic should be less than 10% of the 
cladding wall thickness. 

5. The centerline fuel melting should be very limited. 

6. The number of unrelated pin cladding failures should be small, and no pin 
failure propagation should occur. 

However, this study aims for a burner which burns as much transuranics as possible. 
Still, the design should be safe, reliable, and cost effective. In this study, we 
assume that this will be accomplished when the design falls within the constraints 
on the burnup reactivity loss, the burnup, the fast fluence, the linear power, the 
transuranics enrichment, and the cycle length. Some cost implications of the 
burning of transuranics will be discussed. 

3.4 Calculational Methods 

The calculational methods can be separated roughly into cross section genera
tion, core calculations, and transient calculations. The calculational methods and 
computer programs are presented in figure 3.3. 

In this study, transient calculations were not performed. Instead, some calculations 
on the basis of some empirical equations were performed to assess the behavior of 
the cores designed. The next paragraphs will present the calculational methods in 
more detail. 
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3.4.1 Multigroup Cross Section Generation 

The basic cross section data used for the nuclear design evaluations are contained 
in the Evaluated Nuclear Data File, Version V.2 (ENDF/B-V.2)54. The NJOY data 
processing code system55 was used to process the ENDF/B-V.2 data into a 80-
group cross section library containing infinite diluted cross sections for various 
temperatures and lists of Bondarenko self-shielding f-factors. This library was 
prepared by the Los Alamos National Laboratory (LANL). 

Regionwise microscopic cross sections were generated by utilizing the TDOWN 
pin cell data processing code and the preprocessed 80-group data library. The 
TDOWN pin-cell code was developed by General Electric to perform the data 
processing calculations and to generate multigroup cross section libraries in a 
format that can directly be applied to whole core calculations. The data processing 
in TDOWN includes resonance selfshielding, spatial selfshielding, elastic removal 
correction, reactor and cell flux solutions, and cross section condensation to few 
groups. 

A cylindrical cell model for typical fuel and blanket pins was used in the TDOWN 
calculations. The heterogeneous cell configuration consists of four regions: a 
smeared fuel pellet/gap region (for the metallic fuel, the gap is filled with sodium), 
a cladding region, a sodium coolant region, and a smeared fuel assembly region 
(i.e., smeared fuel, ccolant, cladding and duct material). Resonance selfshielding 
calculations for each region are based on the Bondarenko f-factor approach using 
narrow resonance approximation. Heterogeneous selfshielding is based upon the 
multi-region equivalence theory, which is an extension of the Wigner rational 
approximation56. Finally, cell homogenization over the fuel pellet/gap, cladding, 
and sodium regions is performed to obtain the cross section data for a typical 
homogenized pin mixture. For every typical region and for a typical enrichment, 
a cross section set is generated and combined to one working library. A typical 
fuel pin has a fuel volume fraction of 37% for the metallic fuel library and 42.1% 
for the oxide fuel library. 

One-dimensional reactor flux solution calculations with the transport code TDOWN 
were also performed to obtain neutron spectra for collapsing the cross section data 
to 12-group libraries for both metallic and oxide fuel. These calculations are 
typically carried out for several radial and axial models. It is noted that the pre-
processed 80-group library was generated using a fixed neutron spectrum typical 
of a fast reactor. To account for the difference in neutron spectra between the base 
library and the reactor of interest, elastic removal correction is applied to correct 
the slowing down of neutrons and improve the accuracy of the predicted neutron 
spectra. 
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The reference regionwise temperatures used in the data processing calculations 
are taken from thermal hydraulic analysis for steady-state full-power operating 
conditions. 

3.4.2 Flux Solution and Burnup Calculations 

For all cores investigated in this study, the same fuel cycle calculation procedure 
was used to provide a consistent comparison. All fuel cycle calculations were 
carried out with the three-dimensional flux solution code DIF3D57 and the fuel 
management and burnup code FUMBLE, developed by General Electric. Flux 
solution calculations were performed using three-dimensional (3-D) hexagonal-z 
geometry, and the coarse-meshed nodal diffusion theory approximation to neutron 
transport. The 12-group cross section library for the specific fuel type under 
consideration was used for all basic neutronics computations. 

The fuel cycle computations for the specified effective-full-power-day (EFPD) op
erating interval were performed by a burnup calculation in which the regionwise 
fluxes and fuel cross sections were taken from converged beginning-of-cycle and 
end-of-cycle flux solutions and interpolated for several burnup substeps (normally 
10) within the cycle. A well converged fuel cycle mass balance solution was 
obtained by successive iterations of the flux solution and fuel management calcu
lations, in which the initial enrichment was adjusted to obtain the EOC reactivity 
requested by the user. With this set of programs, it is not possible to do a calcu
lation including the reprocessed burner waste in the external feed of transuranics 
like for a true burner scenario. Instead, it is assumed that, at the beginning of each 
cycle, the loaded assemblies'are fresh fuel, made of, for instance, LWR waste. In 
these calculations, the positions of the assemblies are fixed from the beginning of 
life to the end of life. Assembly shuffling after each cycle would reduce power 
peaking, but is not applied. 

For the sake of simplicity in the flux solution calculations, all control rods were 
assumed to be parked at a fixed position at both the beginning of the equilibrium 
cycle (BOEC) and che end of equilibrium cycle (EOEC). In reality, the control rod 
insertion depths at BOEC are highly dependent upon the burnup reactivity loss 
that requires excess reactivity in the fuel for burnup compensation. However, the 
simplification utilized is not expected to have a significant impact on the calculated 
performance parameters. 
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34.3 Reactivity Control Requirement and Control Rod Worth 
Calculation 

Reactivity control requirement is determined by the burnup reactivity loss, tem
perature defect, fuel axial growth, overpower margin, shutdown margin, and un
certainties in all these. 

Here, the temperature defect is defined as the reactivity change from hot full 
power to zero power at refueling temperature. This positive reactivity comprises 
the Doppler effect, radial and axial core contraction, and sodium density change 
and will be calculated using calculated reactivity coefficients. 

The fuel axial growth term currently only pertains to the metallic fuel, which 
expands with fuel burnup from the accumulation of fission products. For this 
assessment, a 5% axial growth is assumed. 

The overpower margin is allocated to permit the reactor to operate at 103% of the 
rated power, and is equivalent to 3% of the temperature defect. The shutdown 
margin is required for the assurance of subcriticality and is assumed to be 1$. 

The uncertainties consist of 15% of the total burnup reactivity, 20% of the total 
temperature defect, 20% of the fuel axial growth, and is assumed 1$ each for 
criticality prediction, refueling, and fissile loading (tolerance for manufacture 
uncertainty in fissile enrichment). The total uncertainty is obtained by statistically 
combining all uncertainties. 

The control rod worth is calculated by determination of the reactivity of the core 
with one rod in and with all rods in. The influence of the rod interaction is 
estimated and accounted for. 

344 Void Worth and Reactivity Parameters 

Calculations of reactivity feedback parameters and neutron kinetics parameters 
were carried out by utilizing the DIF3D and VARI3D computer codes. The DIF3D 
code is utilized to perform the neutron flux and adjoint solution calculations, using 
the 22-group cross section libraries, in the finite difference solution with fine-
meshed triangular-z geometry. The VARI3D code was utilized for the perturbation 
computations to generate neutron kinetics parameters as well as mesh-dependent 
reactivity parameters. 

Global reactivity parameters were computed and utilized to normalize the results 
of mesh-dependent reactivity parameters from the perturbation calculations. The 
global feedback coefficients are determined by the results from direct flux compu
tations for the unperturbed and perturbed systems. These coefficients include the 
total density coefficients, uniform radial expansion, and uniform axial expansion. 
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For the calculation of the Doppler coefficient, libraries are generated with two 
average temperatures: 551 K and 829 K for both oxide and metal fuel. These 
temperatures are too low, especially for the oxide fueled core with an operating 
fuel temperature of 1200 K. The calculated Doppler coefficients are extrapolated 
to the operating region. This should lead to approximately correct results because 
the factor Tfdk/dTj is expected to be constant58. 

Sodium void reactivity can be computed in several ways. The first method is to 
perform a direct flux calculation by voiding the sodium in the core regions of 
interest using the sodium-voided cross sections. This method is the most accurate 
method of predicting the void worth. However, it is prohibitively expensive 
in computational costs to obtain a spatial 'istribution of void worth since each 
voided region would require a separate direct k-effective calculation. 

The second method is to use the sodium density coefficients from the first-order 
perturbation calculations and then estimate the effect of sodium voiding. This 
approach generally does not accurately predict the sodium void reactivity because: 

1. it does not take into account the changes in few-group cross sections that 
are affected by the spectral hardening when the sodium is voided, and 

2. the first-order perturbation theory is no* applicable to a 100% removal of 
sodium. 

The third method is the exact perturbation method to obtain the spatial distribution 
of void worth. The exact perturbation approach requires a perturbed adjoint flux 
solution in addition to the reference (unperturbed) forward flux solution. It has 
the advantage above the first method that it gives the contribution to the reactivity 
effect by component (axial and radial leakage, absorption, scattering, and fission). 

For this study, the exact perturbation approach based on 22-group cross sections 
and fine-meshed triangular-z geometry is used for the evaluation of the reference 
ALMR to obtain the void worth distribution. On the other hand, the direct flux 
solution approach based on 22-group cross sections and coarse-meshed hexagonal-
z geometry is used to compute the sodium void worth for all cores analyzed to 
obtain a rapid estimation of the void worth. 

Sodium void worths indicated in this report represent the estimated reactivity effect 
of voiding whole assemblies from top to bottom. This is perceived to be the most 
likely event if core voiding is to occur and therefore was chosen as the reference 
scenario for void worth calculations. Partial assembly voiding of only the active 
fuel region or positive worth sections would increase the positive void reactivity 
worth somewhat, depending on the core height and the presence of axial blankets. 
On the other hand, voiding of non-fuel assemblies, especially the interior control 
rods, adds substantial negative reactivity from the increased neutron leakage. 
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3.5 Influence of Design Parameters on Actinide Burn
ing 

3.5.1 Introduction 

To optimize an ALMR design, design parameters have to be adjusted to increase 
linear power and burnup, while remaining within the limits imposed on several 
other performance parameters. These limits are set to obtain a safe and reliable 
design. In this study, we are interested how to design a reactor which consumes as 
much transuranics as possible, within the limits set for safety, reliability, and cost. 

The influence of the core design parameters on how much the ALMR burns is 
examined. At first, no constraints on any performance parameters were taken 
into account. Then, these limits were considered, and it was determined how 
design parameters have to be chosen to optimize the design for burning within the 
constraints. 

The design of a reference breeder ALMR consists of a heterogeneous core layout 
of fuel and blanket assemblies. The blanket assemblies are used to produce fuel 
for future fuel cycles and to flatten the power profile. For a burner, the fuel for 
future fuel cycles is assumed to be available from other sources, for instance a 
stockpile produced by once-through LWRs. So, blanket assemblies, normally 
used to produce fuel for use in the future, will not be used. The internal blanket 
assemblies will be exchanged for fuel assemblies. The radial blanket assemblies 
will be used for reflector assemblies and the reflector assemblies will be exchanged 
for extra shielding assemblies, which are necessary because the radial blanket is 
removed. 

Important design parameters are core height, fuel volume fraction, cycle length 
and the number of batches. Other design parameters are reactor power, core layout, 
fuel pin and assembly design. These parameters can all be varied to obtain an 
ALMR design, all other quantities are a result of these parameters, and are called 
"performance parameters". The core layout is kept constant in this section, and the 
fuel pin and assembly design are represented by the fuel volume fraction, which 
is varied by the pin radius. The reactor power is kept constant too. 

The core layout consists of a two region core. In the center of the core, 84 
low-enriched fuel assemblies are present, and surrounding these assemblies, 108 
high-enriched assemblies are positioned, with a 20% relatively higher enrichment 
than in the center. This enrichment split is applied to improve the performance of 
the burner by the reduction of power peaking. The determination of the magnitude 
of the enrichment split is not studied, because a systematic approach of this 
process is hard to give. The split is kept constant in the calculations described in 



58 

this chapter. In this report, only the high enrichment value is given. 

The burning capability is measured in terms of the amount of transuranics burned 
per year. Five other performance parameters are considered in this study: the 
bumup reactivity loss, peak burnup, peak linear power, peak fast fiuence, and 
transuranics enrichment. These parameters are used, because constraints are im
posed on each of them. These constraints will limit the range of the design 
parameters. Assumed was that the four design parameters are independent vari
ables for all these performance parameters and that the performance parameters 
are linearly dependent on changes in the design parameters: 

i = i i 

where bj is a performance parameter, x{ is a design parameter, and Cj are constants. 

An oxide fueled ALMR with a thermal power of 840 MWt will be studied. First, 
the partial derivatives of the six performance parameters to the design param
eters will be discussed. The data were collected by varying these parameters, 
while no constraints were considered. All calculations were carried out with the 
DIF3D/FUMBLE interpolation scheme. The partial derivatives to the design pa
rameters were determined by linear regression using the FIT routine of reference 
59. The baseline case is the design of GE, which is presented in table 3.3. The 
design parameters are: Core height of 81.3 cm, fuel volume fraction of 39.5%, 
a cycle length of 12 months, and five batches. All partial derivatives were de
termined from data calculated by varying only one design parameter at a time. 
So, we assume that the design parameters are independent for all performance 
parameters. This assumption will be examined for the design parameters cycle 
length and number of batches, because these are expected to be correlated and 
because the number of batches is always varied by a large fraction due to its small 
value. 

Third, the partial derivatives are used to optimize a burner with oxide fuel for the 
thermal power of 840 MW t. The experience with this process is translated into 
general rules on how to optimize a burner when these relations are not known in 
detail. 

3,5.2 Partial Derivatives of the Performance Parameters to the 
Design Parameters 

The partial derivatives of the performance parameters to the design parameters 
were determined. The design parameters are the core height, which was varied 
between 58 cm and 91 cm, the fuel volume fraction, which was varied between 
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36.5% and 42.5%, the number of batches, which was varied between two and six, 
and the cycle length, which was varied between 10 months and 14 months. For 
some of these cases, the limits set on performance parameters were exceeded. For 
each design parameter, five cases were calculated. 

Table 3.1: Partial Derivatives of the Performance Parameters to the Design Pa
rameters. 

dbj/dxi 

burning 
capability [kg/y] 
Reactivity loss • 
-6k [$] 
peak 
bumup 
[MWd/kg(HM)] 
peak 
Linear Power 
[kW/m] 
peak 
Fast Ruence 
[1022 n/cm2] 
TRU enrich. 
[%HM] 

Design Parameter 
Core 

Height [cm] 

-1.9 ±0.1 

-0.18 ±0.02 

-1.8 ±0.2 

-0.49 ±0.03 

-0.20 ±0.01 

-0.30 ±0.03 

Volume 
Fraction [%] 

-5.11 ±0.05 

-0.533 ±0.001 

-3.5 ±0.4 

-0.096 ±0.001 

-0.10 ±0.01 

-0.79 ±0.02 

Number of 
Batches 

5. ±1 . 

0.30 ±0.01 

31.1 ±0.4 

0.52 ±0.07 

6.31 ±0.05 

0.9 ±0.1 

cycle length 
[months] 

3.01 ±0.02 

0.90 ±0.01 

12.5 ±0.1 

0.22 ±0.01 

2.49 ±0.02 

0.47 ±0.01 

In table 3.1, the partial derivatives for the performance parameters to the design 
parameters are presented. The partial derivatives for the burning capability to 
the number of batches and the cycle length are of opposite sign compared to the 
derivatives to the core height and the fuel volume fraction. A decrease in fuel in
ventory increases the burning capability while a decrease in in-core residence time 
reduces burning capability. To explain this, the influence on reactor performance 
should be clear, which will be studied in more detail in the next three sections. 

The partial derivatives for the core height and fuel volume fraction are both of 
opposite sign compared to the partial derivatives for the number of batches and 
the cycle length. For instance, a reduction in core height will increase the peak 
burnup (because less fuel inventory produces the same power), but a reduction in 
cycle length will reduce the peak burnup. 

The assumed linearization of the relation between the performance parameters and 
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the design parameters is only valid for a limited range of the design parameters. 
For instance, the linear power is inversely proportional to the core height, which 
can be approximated by a linear relation for small deviations from the baseline 
value, which is 81.3 cm. A decrease in core height with 50% will double the peak 
linear power, whereas the linearization leads to an increase in linear power with 
approximately 60%, 

One relation is remarkable and that is the relation between the number of batches 
and the peak linear power. The use of more batches results in an increase in the 
peak linear power. One would expect a decrease: The larger spread in burnup of 
the batches can be used to flatten the power distribution. This is not the case for 
these calculations because the assemblies are not reshuffled after each reload. So, 
a large spread in burnup will lead to larger differences in the power production of 
some elements, which will increase the peak linear power. 

In figure 3.4, the burned amount of transuranics per year as calculated by the 
DIF3D/FUMBLE scheme is plotted as a function of the transuranics enrichment. 
This figure shows that the relation between these two parameters is quite linear in 
the parameter range considered. So, to maximize the burning rate of transuranics, 
one should aim for a high transuranics enrichment as explained in chapter two. 

One can go to a higher enrichment by wasting more neutrons. More neutrons are 
wasted by adding absorber material to the fuel and by reducing the fuel inventory, 
which is proportional to the product of fuel volume fraction and core height. One 
can increase the enrichment also by increasing the burnup of the fuel, for instance 
by an increase of the in-core residence time. The range in which these parameters 
can be varied is set by the constraints on the design. The use of extra absorber 
material is not considered in this thesis. The questions to be answered in the next 
sections are: 

1. Is reduction of fuel inventory more efficient than the increase of in-core 
residence time? 

2. Should an increase of in-core residence time be accomplished by the number 
of batches or by the cycle length? 

3. Should a reduction of fuel inventory be accomplished by the core height or 
the fuel volume fraction? 

However, before answering these questions, we will first study the correlation 
between the linear relations for the design parameters cycle length and number of 
batches. 
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Figure 3.4: The amount of transuranics burned per year as a function of the 
transuranics enrichment of the fuel. 

3.5.3 Correlations between the Coefficients for Cycle Length 
and Number of Batches 

In this section, the correlations between the coefficients for cycle length and num
ber of batches are studied. The in-core residence time is the product of cycle length 
and the number of batches. For instance, one would expect the average burnup to 
be constant for constant in-core residence time. The performance parameters were 
calculated for a constant in-core residence time while the number of batches and 
the cycle length were varied. This was done with the DIF3D/FUMBLE scheme 
as well as with the linear relations determined in section 3.3. In table 3.2, the 
maximum deviations between the two approaches are presented, in the range of 
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three batches and 20 months to six batches and 10 months. 

For the peak bumup and the peak fast fluence, the deviations between the two 
approaches is high, showing the correlation between the cycle length and the 
number of batches for these parameters. Both parameters are almost constant for 
the range of batches and cycle lengths considered. This shows that both are linear 
with the product of number of batches and cycle length. Therefore, the peak 
bumup and the peak fluence will be linearized to the in-core residence time. 

These results show that the assumed non-correlation between the linear relations 
might lead to large discrepancies between the results obtained by the direct calcu
lation and by the linear relations. This could also be the case for the linear relations 
for core height and fuel volume fraction. The results presented in this paragraph 
were obtained by varying the number of batches and the cycle length by a factor of 
two. However, the fuel volume fraction and the core height are varied on a much 
smaller scale. 

Table 3.2: Maximum deviations between direct calculations and calculations with 
the linear relations. 

Performance 
Parameter 

reactivity loss 
peak burnup 

peak linear power 
peak fast fluence 

TRU enrich. 
burned TRU 

Deviation 
[%] 
1.3 
24 
1.0 
24 

-2.0 
-5.1 

3.5.4 Burner Optimization within Performance Constraints 

Optimization Method 

In the previous sections, relations between design parameters, burning capability, 
and performance parameters have been calculated. An increase of in-core resi
dence time, by adjusting cycle length and/or the number of batches, and a decrease 
in fuel volume, by adjusting the core height and/or the fuel volume fraction, will in
crease the transuranics enrichment need and thus the burning capability. However, 
due to several constraints imposed on the performance parameters of the reactor 
design, the design parameters are restricted to a certain range. In this paragraph, 
the way to choose these design parameters will be explained. The linear relations 
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will be used to maximize the burning rate of transuranics while complying with 
the constraints on the performance parameters. It is almost impossible to do this 
without an optimization model, because of the amount of information involved. 

In reference 59, a computer code to solve a linear maximization problem is pre
sented. This code maximizes the function : 

z = aoixi + a02^2 + + O-ONXN (3.2) 

subject to the primary constraints 

xi > 0 , x 2 > 0 , ,xN > 0 (3.3) 

and simultaneously subject t oM = m i + m 2 + m 3 additional constraints, mi of 
the form 

OjiSi + ai2x2 + + o-iN^N < h {bi > 0) (3.4) 

i = 1, ....,ml 

m2 of the form 

CLj\X\ + ÜJ2X2 + + CLjNXpf >bj>0 (3.5) 

j = mi + 1, , mi + 7X12 

and 7713 of the form 

ak\xi -f- ajk2̂ 2 + + CikNXN = h > 0 (3.6) 

k — mi -f 7712 + 1, , mi + 7712 + ÏÏI3 

The Xi are the four design parameters and the ai:? are the linear coefficients 
calculated in the previous sections. The 6's are the constraints imposed on the 
design parameters (cycle length and number of batches) and the five performance 
parameters. N is four, ml is five (for burnup reactivity loss, burnup, linear power, 
fast fluence, and transuranics enrichment), and ml is 1 (for the cycle length), and 
mr6 is 1 (for the number of batches). The number of batches is fixed to an integer 
number (in this study three, four, or five) to be able to use linear relations between 
in-core residence time and peak burnup and peak fast fluence. So, the number of 
batches is not present in the optimization problem. Absolute values are needed for 
the performance parameters to check whether these are within their limits. So, we 
need also the constants calculated by the linear regression code. These are also 
used to obtain absolute values for the burning capability. The absolute values are 
all the same as for the baseline case calculated with the DIF3D/FUMBLE scheme 
and presented in table 3.4. Only the values for peak bumup, enrichment, and 
burning capability deviate slightly: the peak burnup is 161.7 MWd/kg(HM), the 
transuranics enrichment is 28.3%, and the burning capability is 78.7 kg/y. 
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Table 3.3: Design parameters, perfcrmance parameters, and burning capability 
for baseline case, and for optimal cases for three, four, and five batch operation. 

design parameters 
parameters 

Core Height [cm] 
Volume Fraction [%] 

Cycle Length 

baseline 
81.3 
39.5 

12 

NB = 3 
76.3 
37.8 

12 

iVB = 4 
77.3 
38.1 

12 

NB = b 
110.7 
27.7 

12 
performance parameters 

parameters 
React. Loss -6k [$] 

Peak Bumup [MWd/kg(HM)] 
Peak Linear Power [kW/m] 

Peak Fast Fluence [1023 n/cm2] 
TRU Enrichment [%HM] 

baseline 
8.8 

160.6 
31.2 

3.2 
28.2 

NB = 3 
to 

114.2 
32.8 
2.1 

29.4 

NB=4 
10 

142.7 
32.8 

2.7 
29.8 

NB = 5 
10 

150 
18.4 
2.8 

28.8 
Burring Capability 

parameters 
BU [kg/y] 

baseline 
78.1 

NB = 3 
86.7 

NB = A 
88.6 

NB = h 
82.5 

Results of Optimization 

In table 3.3, the results of the optimization for three, four, and five batch operation 
are shown. These results are obtained with the optimization program discussed, 
and with the following constraints: peak burnup at 150 MWaVkg(HM), a maximum 
burnup reactivity loss of 10$, peak linear power at 32.8 V W/m, peak fast fluence 
at 3.6 i023 cm - 2 , and a maximum transuranics enrichment of 33%. Trie burnup 
reactivity loss of 10$ was taken because the control tod worth for the 840 MWt 

ALMR is less than for the 471 MWt which is due to the larger core size of the 840 
MWt ALMR. Furthermore, the cycle length had to be at least 12 months to have a 
plant capacity factor of 85%, which is important for the economic of the design. 
These calculations have been done at separate number of batches to include the 
linear relation between in-core residence time and burnup and fast fluence. 

Let's take a look at what happens in going from three to four batches. The in-core 
residence time is increased, which will increase the enrichment need. Also, the 
reactivity loss and the peak linear power increase, and will be higher than their 
limits. Therefore, the fuel inventory is increased to reduce the reactivity loss and 
the peak linear power. That causes the transuranics enrichment to drop. Finally, 
a small transuranics enrichment increase remains, and the transuranics burning 
capability is only slightly increased. 
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Table 3.4: Design parameters, performance parameters, and burning capability 
for optimal cases for three, four, and five batch operation at a fixed fuel volume 
fraction of 39.5%. 

design parameters 
parameters 

Core Height [cm] 
Volume Fraction [%] 

Cycle Length 
performance 

parameters 
React. Loss -6k [$] 

Peak Burnup [MWd/kg(HM)] 
Peak Linear Power [kW/m] 

Peak Fast Fluence [1023 n/cm2] 
TRU Enrichment [%HM] 

NB = Z 
76.4 
39.5 
13.0 

parameters 
NB=3 

10 
116.8 
32.8 

2.2 
28.6 

NB = 4 
77.4 
39.5 
12.9 

NB=4 
10 

146.6 
32.8 

2.8 
29.1 

NB = S 
87.8 
39.5 
12.0 

NB = b 
7.7 
150 

28.2 
3.1 

26.4 
Burning Capabilities 

parameters 
BU [kg/y] 

; - 3 
81.0 

iVB = 4 
83.6 

NB = b 
66.1 

In going from four to five batches, not only the limits on reactivity loss and 
peak linear power are violated, also the peak burnup will be higher than its limit. 
So, again the fuel inventory should be increased to reduce these performance 
parameters. The fuel inventory is proportional to the product of fuel volume 
fraction and the core height, and indeed this product increases in going from four 
to five batches. One would expect the peak burnup to be about 178 MWd/kg(HM) 
for five batches in case that the fuel inventory is not increased. The average 
burnup is inversely proportional to the fuel inventory. So, one would expect the 
fuel inventory to be increased by approximately a factor of 1.2, but it only increases 
with 4%. This is because the burnup is inversely proportional to the product of 
the fuel volume fraction and the core height, which leads to a large deviation from 
the baseline values for this case. Therefore, this result falls outside the validity 
range of this model. 

In the design practice as operated by GE, one takes a certain fuel volume fraction, 
which gives the best performance in fuel temperatures and pin failure. In this case, 
the fuel volume fraction is fixed to 39.5%. The results of optimization with this 
fixed fuel volume fraction are presented in table 3.4. 

The burning capabilities are somewhat less than for the cases with a free choice 
of fuel volume fraction. The core height is approximately the same as for the free 
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choice cases, except for the five batch case. For the three and four batch cases, 
the peak linear power and the bumup reactivity loss are equal to their limits. The 
cycle length is longer for the three and four batch cases to increase die transuranics 
enrichment. This is possible because the burnup reactivity loss and the peak 
burnup are lower than their limits, due to the fact that the limit on die peak linear 
power prohibits a smaller core height. 

The difference between the baseline case presented in table 3-3 and the five batch 
case of table 3.4 is the peak burnup, which is 7% lower for the latter case. Therefore, 
the core height is increased with 8%. This results in a strongly reduced transuranics 
enrichment, burning capability, peak linear power, and burnup reactivity loss. 

In going from five to four batches, the peak burnup, peak fast fluence, and the peak 
linear power will decrease as is shown in table 3.4. Therefore, the core height 
can be reduced and the cycle length can be increased. The highest transuranics 
enrichment is obtained when both the reactivity loss and the peak linear power are 
equal to their limits. In going from four to three batches, again the core height can 
be reduced slightly and the cycle length can be increased slightly. 

The conclusion is that there is no definite answer to the question whether the fuel 
inventory should be decreased instead of an increase in in-core residence time. It 
depends on which performance parameters are limiting the choice of the design 
parameters. The same holds for the choice between core height and fuel volume 
fraction, and between cycle length and number of batches. 

The way to reduce a certain performance parameter with the smallest reduction 
in burning capability can be determined by comparing die ratios of the partial 
derivatives for that particular performance parameter and the burning capability as 
is presented by: 

4. dbj ,dBU dbj _ 

These ratios are presented in table 3.5. Such a ratio represents the change in a 
performance parameter to obtain an increase in the burning capability by 1 kg/y 
by variation of only one design parameter. 

The highest ratio represents the highest change in that performance parameter with 
the smallest change in the burning capability accomplished by a change in one 
design parameter. For instance, suppose that your design has a burnup reactivity 
loss, which is higher man the limit. So, you want to decrease the burnup reactivity 
loss at the lowest change in burning rate. You can do that by increasing the cycle 
length. The cycle length is the most effective design parameter to reduce the 
reactivity loss. The number of batches is the most effective factor to reduce die 
peak burnup and the fast fluence. The core height is the most effective factor to 
reduce the peak linear power. 
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Also, these ratios present the way to increase the burning capability with the 
smallest change in a certain performance parameter. The lowest ratio represents 
the lowest change in that performance parameter with the highest change in the 
burning capability accomplished by a change in one design parameter. Increase of 
the number of batches is the most effective way to increase the burning capability 
when the reactivity loss is lower than its limit. Decrease of the fuel volume fraction 
is the most effective way to increase the burning capability when the peak burnup, 
the peak linear power, the peak fast fluence, and the transuranics enrichment are 
lower than their limits. 

Table 3.5: Ratio of the Partial Derivatives to the Design Parameters for the Per
formance Parameters to the Partial Derivative of the Burning Capability. 

Performance 
Parameters 

Reactivity loss 
peak 
burnup 
peak 
Linear Power 
peak 
Fast Fluence 
TRU enrich. 

Ratio of Linear Coefficients 
Core Volume Number of cycle 

Height Fraction Batches length 
0.095 0.104 0.06 0.3 

0.9 0.7 6.2 4.2 

0.3 0.02 0.1 0.07 

0.1 0.02 1.3 0.8 
0.16 0.15 0.18 0.16 

From these observations, several generalizations can be obtained: 

1. In practice, only three performance parameters reach their limits in designing 
an ALMR burner: the burnup reactivity loss, the peak linear power, and the 
peak bumup. 

2. The cycle length should be equal to its minimum unless the fuel volume 
fraction is fixed. 

3. One should increase the cycle length when the burnup reactivity loss and the 
peak burnup are lower than their limits and when the fuel volume fraction 
is fixed. 

4. One should reduce the number of batches and the cycle length when the 
peak bumup is equal to its limit and the peak linear power and/or the burnup 
reactivity loss are not equal to their limits. 
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5. The core height and the fuel volume fraction should be chosen in such a way 
that both the burnup reactivity loss and the peak linear power are equal to 
their limits. When the burnup reactivity loss is lower than its limit, and the 
peak linear power is equal to its limit, the core height should be increased 
and the fuel volume fraction should be decreased. When the peak linear 
power is lower than its limit, and the burnup reactivity loss is equal to its 
limit, the core height should be reduced and the fuel volume fraction should 
be increased. The reason for this rule is that the ratio of the linear coefficients 
of the peak linear power and the burning capability for the core height is 
much higher than this ratio for the fuel volume fraction while these ratios of 
the burnup reactivity loss are almost equal. Therefore, any change involving 
the peak linear power leads to a small change in core height and a larger 
change in another design parameter. 

Optimization Scheme 

The observations and conclusion of the optimizations lead to the following scheme 
to maximize the burning rate of transuranics: 

1. Choose a core layout and enrichment split, 

2. Take the lowest cycle length and the smallest number of batches, 

3. Calculate the core height from the limit on the peak linear power using an 
estimated peaking factor, 

4. Calculate core performance with DIF3D/FUMBLE, 

5. Adjust the fuel volume fraction and the core height according to the rules 
presented in this section, adjust the number of batches only when the es
timated peak burnup remains below its limit. If the fuel volume fraction 
is fixed, adjust the cycle length until the limit on burnup reactivity loss is 
reached, 

6. Redo DIF3D/FUMBLE calculation, 

7. Repeat until result is satisfactory. 

Discussion of Optimization of Burners 

The central question of this chapter is to optimize an ALMR for burning transuran
ics To optimize a reactor economically, the fuel inventory should be as small as 
possible, and the in-core residence time should be as high as possible. We have 
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seen that to increase burning of transuranics, these parameters should be maxi
mized too. So, the optimizations of burning capability and costs seem not to be 
conflicting. However, the optimization on burning leads to a short cycle length, 
which might not be the most cost effective way of plant operation. 

In the optimization process developed in this chapter, several factors were not 
accounted for: 

• shuffling of fuel assemblies, which could lead to a considerable reduction 
in power peaking increasing the average linear power and burnup. Higher 
average linear power and burnup lead to a higher transuranics enrichment 
and burning capability. 

• optimization of enrichment split, which could also lead to a reduction in 
power peaking. 

• application of burnable absorber rods, which could lead to a strong reduction 
in burnup reactivity loss and power peaking, both allowing for reduced fuel 
inventory and increased in-core residence time. 

• optimization of reactor power leading to lower average burnup and linear 
power. In this way, an increase of burned amount of transuranics per unit of 
energy might be achieved. 

• optimization of assembly and pin design, leading to lower peak burnup and 
linear power. 

3.6 Metallic and Oxide Fueled ALMR Burners 

3.6.1 Optimization Process and Core Description 

For the metallic fueled core, the burner was designed by GE to operate with the 
core layout as shown in figure 3.5 at a thermal power of 471 MW t . 

To control power peaking, the core was divided in a central low-enriched fuel 
region and a high-enriched surrounding fuel region of 30 and 66 fuel assemblies, 
respectively. The number of shielding assemblies of a burner is increased compared 
to a break-even core by exchangin the radial blanket for reflector material, and 
by exchanging reflector material foi lielding material. Cockey et al discussed the 
characteristics of the metallic fueled burner design34. The burnup reactivity loss is 
near its limit of 12$, but the peak burnup is much lower than its limit, while the 
cycle time is 15 months and the number of batches is three. 
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Figure 3.5: Core layout for the burner cores. 

To optimize this metallic fueled design according to the scheme presented in 
section 3.5.4, the cycle time has to be minimal, so equal to 12 months to allow 
for the smallest possible core. Then, the bumup reactivity loss was lower than the 
limit. First, the core height was decreased, but only 4 cm could be achieved due 
to the limit on peak linear power. To obtain the largest benefit of the reduction in 
cycle length, the burnup reactivity loss has to be equal to the limit, so the fuel pin 
diameter was changed to lower the fuel volume fraction. The fuel volume fraction 
was decreased from 35.8% to 31.8% by reducing the pellet diameter from 0.53 cm 
to 0.50 cm and increasing the cladding thickness from 5.5 mm to 6.4 mm, which 
leads to an increase in sodium volume fraction from 38% to 40%. In this way, the 
burnup reactivity loss was near its limit. Still, the peak bumup is low, but more 
batches increased the peak burnup above the limit. The peak burnup could be 
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lowered by increasing core height and fuel volume fraction, but that will decrease 
the burning capability substantially, as is shown in section 3.5. Therefore, the 
optimized design operates with three batches in-core. 

For the oxide fueled burner design, the metallic fueled design as presented by 
Cockey was used as a start with the oxide fuel characteristics34. Then, the bumup 
reactivity loss and the transuranics enrichment were too high. By taking a cycle 
length of 12 months, the transuranics enrichment and the burnup reactivity loss 
dropped below their limits. The peak burnup is much lower than the limit, but not 
low enough to increase the number of batches. 

3.6.2 Comparison of the Metallic and Oxide Fueled Burners 

In this paragraph, some of the specific aspects of the metallic and oxide fueled 
burners will be discussed. The oxide and metallic fueled designs operate similarly, 
as can be seen in table 3.6. 

Table 3.6: Specifics of the metallic and oxide fueled ALMR burners. 

parameter 
Core Height [cm] 
Fuel Volume fraction [%] 
Cladding Volume Fraction [%] 
Sodium Volume Fraction [%] 
bumup reactivity loss [$] 
Average fuel burnup [MWd/kg(HM)] 
Peak fuel burnup [MWd/kg(HM)] 
TRU enrichment [%] 
low 
high 
Average linear power [kW/m] 
Peak linear power [kW/m] 
Peak Fast Fluence [1023 c m - 2 ] 
Total Flux [1015 c m - V 1 ] 
Median Energy [keV] 

metallic 
107 

31.8 
28.1 
40.1 
11.5 
72.6 

114.4 

23.5 
28.4 
20.7 
35.1 

2.8 
2.80 
220 

oxide 
107 

35.8 
26.5 
37.7 

12 
78.2 

128.9 

25.8 
31.2 
20.7 
37.1 

2.3 
2.62 
165 

Still, the results are not completely satisfactory as can be seen by the peak linear 
power, which is too high. An important difference between the two burners is the 
transuranics enrichment. For the metallic fueled core, the transuranics enrichment 
is 23.5% and 28.4% for the inner and outer fuel region, respectively, and for 
the oxide fueled core, the transuranics enrichment is 25.8% and 31.2% for the 
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inner and outer fuel region, respectively. This difference reflects the difference in 
utilization of the neutrons between the two cores. For the metallic core, 72% of 
the source neutrons is absorbed in the core, and 28% leaks out of the core region. 
For the oxide fueled core, these numbers are 76% and 24%, respectively. Of the 
absorbed neutrons, 49% causes fission in the metallic fuel, and 46% causes fission 
in the oxide fuel. So, the infinite multiplication factor k^ of the metallic fuel is 
larger than of the oxide fuel. This is due to the absence of moderating oxygen 
atoms. When the enrichment of the oxide fuel would be used for the metallic fueled 
burner, the multiplication factor would be too high. Therefore, the enrichment of 
the metal fuel is lower. 

In table 3.7, the important data on the fuel mass inventories are tabulated. 

Table 3.7: Uranium mass and transuranics mass for the metallic fueled ALMR 
and the oxide fueled ALMR at BOCfor loading and discharge per cycle. 

quantity mass [kg] 
Metal | Oxide 

In-core Inventory at BOC 
U-235 
U-238 
TRU 

7.3 
4214.8 
1516.4 

6.5 
3768.4 
1556.1 

Out-core Inventory at BOC 
U-235 
U-238 
TRU 

4.9 
2809.9 
1010.9 

4.3 
2512.3 
1037.4 

Loaded 
U-235 
U-238 
TRU 

2.8 
1434.2 
526.9 

2.5 
1285.7 
539.9 

Discharged 
U-235 
U-238 
TRU 

1.8 
1347.8 
466.3 

1.5 
1198.5 
480.1 

Burned 
U-235 
U-238 
TRU 

1.0 
87.3 
60.6 

1.0 
88.1 
59.8 

The total amount of actinides fissioned is 148 kg and the amount of transuranics 
burned is about 60 kg. This is about 1.5 times the amount discharged yearly by an 
ordinary Light Water Reactor operated at the same power level3. The difference in 
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burned transuranics between the metal and oxide fueled design can be explained 
by the difference in transmutation of U-238. This is explained in chapter two: The 
amount of transuranics burned is equal to the amount of atoms fissioned minus the 
amount of U-238 stoms transmuted. The initial inventory of U-238 is higher for 
the metal core than for the oxide core. The transmutation of U-238 is almost equal 
for the metal and oxide fuel, so the microscopic absorption cross section for metal 
fuel should be smaller than for oxide fuel. This is to be expected due to the softer 
spectrum for the oxide fuel. 

The amount of transuranics burned for these 471 MWt reactors is about 
0.39 kg/MWey , assuming a capacity factor of 85% and a thermal efficiency of 
33%. For the 840 MWt reactor studied in paragraph 3.5, the amount of transuranics 
burned is about 0.32 kg/MWey , assuming a capacity factor of 85% and a thermal 
efficiency of 33%. A smaller core will lead to a higher transuranics enrichment 
due to the higher neutron leakage. In general, a smaller core will lead to higher 
cost. 

The time to halve the inventory, the Inventory Transmutation Time, is calculated 
by dividing the inventory by the burned amount. The Inventory Transmutation 
Time is 42 years and 43 years for the metallic fueled and oxide fueled ALMR, 
respectively. The- Inventory Transmutation Time of the oxide fueled ALMR is 
higher due to the higher inventory. 

3.6.3 Reactivity Control 

In this section, the reactivity requirement and actual worth of the control rods are 
determined for the optimized oxide and metallic fueled burner cores. The control 
system reactivity is required to have sufficient worth to bring the reactor from hot 
full power operation to cold subcritical at refueling temperature. This requirement 
can be categorized into several components: temperature defect, burnup reactivity 
loss, fuel axial growth, overpower margin, shutdown margin, and uncertainties in 
all these. 

Temperature defect is the reactivity change from hot full power to zero power 
at refueling temperature, which is 477 K according to General Electric. This 
positive reactivity comprises the Doppler effect, radial and axial core contraction, 
and sodium density change. This reactivity component is calculated from the 
reactivity coefficients calculated and listed in table 3.9. The results are 1.1$ for 
metallic fuel and 2.1 $ for the oxide fuel, which is higher due to the higher operating 
fuel temperature. At 300 K, the temperature defect would have been 2$ and 3$ for 
the metallic and oxide fueled burner, respectively. 

Burnup reactivity loss is the excess reactivity built for the compensation of fuel 
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burnup. For the metallic fueled core, the bumup reactivity loss is 11.5$, compared 
to 12$ for the oxide core. 

The fuel axial growth term for the metallic fuel is caused by a fuel expansion with 
5%. Only one-third of the axial expansion factor listed in table 3.8 is included 
because axial expansion occurs only in the fresh elements, which is one-third for 
a three batch core. So, this term is 1.10$ for the metallic fueled core. 

The overpower margin is allocated to permit the reactor to operate at 103% of 
the rated power and is equivalent to 3% of the temperature defect. The shutdown 
margin is 1$. 

The total shutdown requirement is estimated to be 17.5$ for the metallic fueled 
core and 17.7$ for the oxide fueled core, including all uncertainties. 

The primary control system for these cores consists of six control rods in row four, 
with natural B4C. The worth of these rods at BOEC is computed to be 23.9$ for 
the metallic fueled core and 24$ for the oxide fueled core. The total worth for 
six rods in these cores is enough to shutdown the reactor. However, the feature 
of shutdown with only one rod, as was accomplished in the reference cores, is 
not maintained in the burner designs, unless boron enriched in 10B is used. For 
instance, the control worth will be increased by a factor of 1.5 for an enrichment 
of 50%. 

3.6.4 Void Worth and Reactivity Parameters of the Optimized 
Burner Designs 

Sodium void worths, reactivity parameters and neutron kinetics parameters were 
calculated with DIF3D/VARI3D with the 22 neutron group libraries in a fine-
meshed triangular-z geometry model. The results of these calculations are sum
marized in table 3.8 for BOEC and EOEC for the metallic and oxide fueled cores. 

The effective delayed neutron fractions (ft.//) are 0.003 for metallic and oxide 
fueled cores. These fractions are much lower than the delayed neutron fraction in a 
light water reactor (0.007), due to the large content of Pu-239 and higher actinides 
with a relatively low delayed neutron yield compared to the delayed neutron yield 
of U-2351'. The average neutron lifetime based on the 6-group delayed neutron 
data is about 35 ms for both the metallic and oxide fueled burner. The average 
neutron lifetime < I > equals": 

<I>=(I -« - I + J > ( T : + ' ) * È Ï : ' <3-8> 
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where I is the prompt neutron lifetime, /% is the delayed neutron fraction of 
precursor group i with decay constant Aj. For Pu-239, this average neutron 
lifetime is equal to 31 ms, whereas for a reactor operated on U-235, the average 
neutron lifetime is 84 ms"'60. 

Table 3.8: Sodium void worths, reactivity parameters and kinetic parameters of 
the metallic and oxide fueled ALMR burners. 

label 
Metallic Fueled 

BOC EOC 
Uniform Axial Expansion (Hdk/dH) 

Net Effect 
Geometry Effect 

-0.263 
0.193 

-0.265 
0.193 

Uniform Radial Expansion (Rdk/dR) 
Net Effect 
Geometry Effect 

-0.656 
0.256 

-0.658 
0.258 

Doppler Parameters (Tdk/dT) 
Inner Fuel 
Outer Fuel 
Total 

-0.0013 
-0.0015 
-0.0028 

-0.0013 
-0.0016 
-0.0029 

Oxide Fueled 
BOC 

-0.227 
0.166 

-0.568 
0.219 

-0.0023 
-0.0023 
-0.0046 

Sodium Density Parameters (pNa^^pNa) 
Inner Fuel 
Outer Fuel 
Others 
Total 

-0.0099 
0.0007 
0.0070 

-0.0021 

-0.0112 
-0.0001 
0.0071 

-0.0041 
Sodium Void Reactivity ($) 

Inner Fuel 
Outer Fuel 
Others 
Total 

2.37 
-0.80 
-4.84 
-3.27 

2.75 
-0.60 
-5.03 
-2.88 

Kinetics Parameters 
Total Beta-effective 
Average Neutron Lifetime [s] 
Prompt Neutron Lifetime [10"7 s] 

0.0031 
0.036 

3.4 

0.0031 
0.035 

3.5 

-0.0069 
0.0010 
0.0067 
0.0008 

1.72 
-0.70 
-4.37 
-3.35 

0.0031 
0.035 

3.9 

EOC 

0.229 
0.166 

-0.569 
0.220 

-0.0041 
-0.0024 
-0.0047 

-0.0078 
0.0004 
0.0069 

-0.0006 

2.00 
-0.56 
-4.55 
-3.11 

0.0030 
0.035 

4.1 

The prompt neutron life time is 337 ns for the metallic fueled core and 391 ns for 
the oxide fueled core. The prompt neutron lifetime for a critical core equals": 

UVljf 
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where v is the average neutron velocity. For the oxide fuel, the ratio of scattering 
cross section and the absorption cross section is relatively higher than for the 
metallic fuel due to the presence of the oxygen atoms. Furthermore, the energy 
decrement per scattering is higher for the oxygen atoms than for the sodium atoms, 
which are the thermalizing atoms for the metallic fuel. Therefore, the mean free 
path of neutrons in the oxide fuel will be higher, and the average speed of the 
neutrons will be lower. Therefore, the prompt neutron lifetime for the oxide fuel 
is higher than for metallic fuel. Both are much smaller than the prompt neutron 
lifetime for an LWR which is between 10~6 and 10~4 s". 

The calculated reactivity effects are explained with a three factor formula: 

k = vfPNL, (3.10) 

where k is the effective neutron multiplication factor, 77 is the number of fission 
neutrons produced per absorption in the fuel, ƒ is the probability that if a neutron 
is absorbed it will be absorbed in the fuel, and PNL is the non-leakage probability. 
v, equals ^(Xl^/E^), with V the average number of fission neutrons per fission, 
E f is the macroscopic fission cross section of the fuel, and T,% is the macroscopic 
absorption cross section of the fuel, ƒ equals S f / E a , with E a is the total 
macroscopic absorption cross section in the core. P^L is given by: 

P w t = 1 + Jf* • BJ ( 3 U ) 

where M 2 is the migration area and B2 is the geometric buckling, which for 
a cylindrical core equals (i/0/R)2 + (n/H)2, with H and R the extrapolated 
dimensions of the core and where 1/0, equal to 2.405, is the smallest zero of the 
zeroth order Bessel function11. 

The uniform axial expansion parameter contributes to the axial fuel expansion 
feedback during transient events. As fuel temperature rises, axial fuel expansion 
increases the core height and provides a negative reactivity. For uniform axial 
expansion, the parameter (measured as Hdk/dH) at BOEC is -0.263 for metallic 
fueled and -0.227 for the oxide fueled core. The reactivity effect of expanding 
core size consists of two parts: 

dk _rdk dpf ,tdk] m ? ï 

where the partial derivative of the fuel density tr ihe core height is determined for 
a constant fuel mass. The first term is due to reduced fuel density and the second 
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term is from the enlargement of the core leading to a reduced neutron leakage. 
For a constant fuel mass, the fuel density pj is inversely proportional to the core 
height H. Then, the reactivity effect of expanding core height is given by: 

„dk dk TT dk 
dH ÖW 

(3.13) 

'Tie fuel density coefficient is positive because ƒ and the non-leakage probability 
increase with fuer density due to the increased chance of absorption in the fuel. 
The fuel density coefficient for the metallic fueled burner is 16% larger than for 
the oxide fueled burner. This can be explained by the dependence of the non-
leakage probability on fuel density pf. Using equation 3.10, the derivative of k 
with respect to the fuel density can be written as: 

1 dk 1 On 1 0 / 1 8PNL 

kdpf 7} dp / f dpf PNL dpf 

The derivative of the non-leakage probability to the fuel density becomes 

1 dPNL 2 , 1 

(3.14) 

PNL dpf PNL
 ( l + Af'BJ 

?-M*B].l/Ph (3.15) 

assuming that the migration area M2 is inversely proportional to the square of the 
fuel density". Then, the ratio of j^dPnL/dpf for metal to oxide equals 

[pNL
dPNL/0Pf]meial M2n2]metal / r p M2 n2}oxide 

[f£lOPNL dpfloxide y y 
(3.16) 

The data to calculate this ratio is: 

quantity 
leakage 

PNL 
M2B2

Q 

metal 
27.5% 
0.725 
0.38 

oxide 
23.9% 
0.761 
0.31 

which leads to a ratio of 1.17, a difference somewhat larger than that between 
the fuel density coefficient of metal and oxide fuel. The difference comes from 
changes in ƒ, which are determined by the difference in spectrum, construction 
materials, and fuel enrichment. An estimate of the influence of these on ƒ in going 
from metallic to oxide fuel is difficult to make. 

The geometry effect is smaller in the oxide core, because of the lower leakage in 
the oxide core. Therefore, the influence of a change in core size is less for the 
oxide core. This can be illustrated using the same method as to explain the fuel 
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density effect: 

1 dPsL 2 , 1 N2 . 7T2 

L • *^Y-M'•-=, (3.17) 
PJVI off -Pjvx, v l + M 2 B f H 3 ' 

Then, the ratio of -^-OPNL/dH for metal to oxide equals 

[pjyL^^/^fllmetai _ . ^2TT-2I /rp2 ^2^-2! n , o^ 

I-p^l Or^L I OH \ oxide 

which leads approximately to 1.17, assuming that the geometric buckling and the 
core height are the same for the metallic and oxide fueled cores. The geometry 
effect is 16% higher for the metallic fuel. The effect of core height on the fuel 
utilization and 77 are negligible. 

The uniform radial expansion is controlled by two important inherent reactivity 
feedback mechanisms: the radial thermal expansion of the grid plate which is 
governed by the coolant inlet temperature, and the radial thermal expansion of core 
load pads. For uniform radial expansion, the parameters (measured as Rdk/dR) at 
BOEC are -0.656 and -0.568 for metal and oxide fuel, respectively. The effect for 
oxide fuel is smaller than for metal fuel for the same reasons as mentioned above 
for the axial leakage. The radial expansion effect is about two times larger than 
the axial effect, because the volume changes with the square of the radius. 

The Doppler parameters given by as Tdk/dT at BOEC for the metallic and oxide 
fueled core are calculated to be -0.0028 and -0.0046. These parameters are 
assumed to be temperature independent for fast reactors58. The Doppler coefficient 
(dk/dT) is about equal for metal and oxide fuel at operational temperature, which 
is about 800 K for metal fuel and 1300 K for oxide fuel. According to Wade et 
al in reference 61, the Doppler coefficient is abou* a factor of 1.5 larger for the 
oxide fuel. Here, the Doppler coefficient for the oxide fuel is almost the same as 
the one for the metal fuel because of three reasons. First, the TRU enrichment is 
smaller for the metal fuel. A higher TRU enrichment decreases the influence of the 
absorptions in U-238 and increases the average energy of the neutron spectrum58. 
Second, the fuel volume fraction for the metal fueled core is lowered by decreasing 
the fuel pin diameter and increasing the cladding thickness. So, selfshielding is 
reduced and resonances are more effective. Third, the difference in average neutron 
energy between the oxide and metallic fueled burner will be lower than for the 
reactors studied by Okrent et al due to the larger amount of moderating cladding 
material for the metallic fueled burner58. These reasons explain why the Doppler 
coefficients of the metal and oxide fueled core are not as different from each other 
compared to what can be found in literature. The Doppler coefficient for a break
even design is approximately a factor of two larger than for the burners53. This is 
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due to the large content of U-238 in the blankets of such a break-even core; these 
blankets have been removed in the burners. 

The reactivity effect of sodium voiding consists of three principal effects38: 
1. a negative reactivity effect due to increased neutron leakage, 
2. a positive reactivity effect due to hardening of the neutron energy spectrum, 
3. a positive reactivity effect due to reduced neutron capture in sodium. 
The exact perturbation method has been used to obtain the spatial distribution of 
the sodium void worth for the burner cores. This shows that sodium void worths 
of the metallic fueled core are 2.15$ for the fuel and -2.88$ for the whole core. 
For the oxide fueled core, the sodium void worth is 1.44$ for the fuel and -3.11$ 
for the whole core. The values for the fuel are less for the oxide :ore, because the 
spectral hardening, which results from the sodium removal, is less for oxide fuel. 
In the metal core, sodium and cladding are the only thermalizing materials, but for 
the oxide fuel, the oxygen atoms are important for the thermalization of neutrons, 
which results in a much lower median energy for the oxide core than for the metal 
core. These oxygen atoms remain in the fuel during voiding, and the absence of 
thermalizing sodium atoms is of less importance. 

On the other hand, the absolute influence of voiding on leakage is higher for the 
metal core. This can be seen by the difference between whole core voiding and 
fuel voiding. This difference is -5.0$ for the metal coie, and -4.6$ for the oxide 
core. This difference represents the influence of voiding of non-fuel elements, 
which will have mainly effect on leakage. The leakage increases due to voiding 
are relatively the same for the oxide and metallic fueled core, but the absolute 
value of this effect and the influence on reactivity are higher for the metal core 
because leakage is higher for the metal core. 

The results for sodium density parameters can be explained by similar arguments. 
Cockey et al present the sodium density parameter of a break-even reactor53. The 
sodium density parameter for fuel and blanket for this 840 MWt core is -0.0205, 
and for the whole'core -0.0186. For the metal burner of 471 MWt , the sodium 
density parameters are -0.0112 and -0.0041 for the fuel and the whole core, 
respectively. So, the sodium density effect in the fuel is reduced by a factor of two 
compared to break-even designs. The total sodium density effect is reduced by 
more than a factor four. This reduction is partly due to the smaller reactor power, 
but mainly due to the removal of the radial blankets. 

3.6.5 Safety Parameters 

Any safety predictions on the basis of only the reactivity calculations discussed 
in the previous section will be highly inaccurate. However, a safety study with 
complete transient calculations falls outside the scope of this section. The ALMR 
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group has defined some anticipated transients without scram (ATWS). Wade et al 
introduce a quasi-static approach to evaluate the consequences of these events61'62. 
These transients will in general be sufficiently slow to be studied with a quasi-static 
approach. Here, we will use the asymptotic outlet temperature to determine if a 
transient remains within safety bounds. The sodium temperature should remain 
below the boiling temperature of about 940 °C, but also below a temperature of 
700 °C which is the ASME limit above which strong fuel-clad interaction occurs 
resulting in high pin failure rates63. Of course, in a more general safety analysis, 
other parameters, like peak fuel temperature and cladding temperatures, should be 
considered too. 

The quasi-static reactivity balance is given by61'64: 

0 = op = (P - l)A + (j - \)B + 6TinC + èPext (3.19) 

where P and F are power and flow normalized to nominal power and flow, 6Tin is the 
change from nominal coolant inlet temperature, 6pext the externally imposed reac
tivity, A is the net power reactivity increment given by (d6p/dP)(P/FtTin constant)» 
B the power flow coefficient given by (d8p/d(P/F))(PjTinCOnstant), and C is the 
inlet temperature coefficient of reactivity. (A+B) is the reactivity increment expe
rienced in going to full power and flow from zero-power at constant coolant inlet 
temperature. 

A, B, and C are calculated from the reactivity coefficients by: 

A = [-^p}(P/F,Tinconstant) = ( « D + <*tf) * A T / , (3.20) 

B = [d(p/F)hP,TinConstant) = (<*£> + Q f l + <XNa + <*R) ' A T c / 2 , (3.21) 

o r 

C = {-QJT~}(P,Fconstant) = <*D + OLH + QtNa + aR, (3.22) 

where AT} is the average fuel temperature increase over the fuel pin, and ATC is 
the average coolant temperature increase from inlet to outlet. In going from zero to 
full power, at a constant ratio of power and flow, and thus at a constant coolant Tc, 
and at a constant inlet temperature, the fuel temperature increases by AT/. So, A 
includes the Doppler coefficient, represented by a p , and the axial fuel expansion, 
represented by a # . At full power, the outlet coolant temperature is Tïn + ATC, 
where ATC is the coolant temperature rise from inlet to outlet. B represents the 
reactivity change due to the increase in coolant temperature in going from zero 
to full power at nominal full flow. So, B includes the Doppler coefficient, the 
axial fuel expansion, the sodium density effect, represented by ajvfl, and the radial 
expansion, represented by an. A change in inlet temperature causes a change in 
average coolant temperature. So, for C, all effects have to be included also. 
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The reactivity coefficients in $/K are given by 

1 . , , dk . 
a" = p[Hdffhf> (3-24) 

<*JVa = öl^aTT—JlT lïTb (3-25> 
P «piVa pNa dl 

1 rfJk a " = ^ l v 7 - (3-26) 
where 7/ is the linear expansion coefficient of the fuel, pfqa is the sodium den
sity, [rj^^f2-] is the volumetric expansion coefficient of Sodium (equal to 0.28 
•10~3K_1), R is the equivalent core radius, and *yg is the linear expansion coeffi
cient of the grid plates made of HT961. For the linear fuel expansion coefficient, the 
fuel expansion and the cladding expansion have to be considered. For metal fuel, 
the linear expansion coefficient is 17.6 10~6 K-1, for oxide fuel, it is 12.8 10"6 

Kr\ and for cladding made of HT9, it is 13.9 -10~6 K"161. For the metal fuel, it is 
assumed that the fuel is attached to the cladding even for iow bumup. Therefore, 
the fuel expansion of the metallic fueled reactors is controlled by the cladding, 
which is determined by the coolant temperature. Therefore, the coefficient A for 
the metallic fuel does not contain the axial expansion coefficient. For oxide fuei, 
the fuel is assumed to be free to expand from the cladding. The axial expansion 
coefficient for metallic fuel is calculated with the expansion coefficient of HT9. 
With the reactivity parameters calculated in section 3.6.4, the reactivity coefficients 
are calculated and presented in table 3.9. Also, the design temperatures, and 
the coefficients A, B, and C are presented. These data are compared to data 
abstracted from reference 61 for the IFR reactor with a higher total power of 900 
MWt and an average linear power of 39-43 kW/m. To show the influence of 
reactivity coefficients only, the A, B, and C for the IFR have been calculated for 
the temperatures of the burner also. These are indicated by IFR*. 

A few differences are noticeable, especially between the burners and the IFR 
breeder designs. First, the fuel temperature Tf and fuel temperature rise AT/ is 
much higher for the IFR breeder designs than for the burners due to two times 
higher average linear power for the IFR designs. The influence of temperatures is 
on A and B, which are smaller for lower temperatures. Second, the sodium density 
coefficients of the burners are much lower than those of the IFR designs due to the 
smaller burner core size which leads to higher leakage. 
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Table 3.9: Parameters and temperatures to evaluate asymptotic behavior for ATWS 
events (100 c = l$). 

parameter 

7>[K] 
A7> [K] 
ATC [K] 
T^ [K] 
T^ [K] 
aD [c/K] 
aH [c/K] 
*R [c/K] 

ajva [c/K] 
A[c] 
B[c] 

C [c/K] 

Burner 
metal 

774 
80 

129 
629 
758 

-0.114 
-0.117 
-0.291 

+0.0363 
-9.1 

-31.3 
-0.486 

oxide 
1239 
542 
129 
629 
758 

-0.121 
-0.0947 

-0.237 
+0.0052 

-117 
-28.9 

-0.448 

IFR 
metal 

848 
150 
150 
623 
773 

-0.10 
-0.12 
-0.25 
+0.18 

-15 
-21.8 
-0.29 

oxide 
1448 
750 
150 
623 
773 

-0.16 
-0.10 
-0.20 
+0.11 

-195 
-26.3 
-0.35 

IFR* 
metal 

774 
80 

129 
629 
758 

-0.10 
-0.12 
-0.25 
+0.18 

-8.0 
-18.7 
-0.29 

oxide 
1239 
542 
129 
629 
758 

-0.16 
-0.10 
-0.20 
+0.11 

-141 
-22.6 
-0.35 

Five ATWS are postulated in three categories: 

1. Events induced by changes in flow due to the primary pumps: 

(a) Loss of Flow without scram (LOFWS) in which the pumps stop and the 
circulation reduces to the level of natural circulation. P/F is larger than 
one, and the average temperature in the core will increase. This causes 
a negative reactivity effect which leads to reduced power. Finally, the 
power will be small (P < 1) and the reactivity equation gives 

f = l + | , 0.27) 

6T0Ut = ATe6(j) = ^ATC. (3.28) 

(b) Pump overspeed, which causes the flow to increase. At first, the 
temperature in the core will decrease, which will cause an increase in 
power according to: 

" Ï Ï P > ^
 (3'29) 

6Tout = ATCS( J) = A re^jfe§ < °' <3 '30> 
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So, the outlet temperature is lower, even with higher power. The 
higher power will eventually result in a temperature rise of the inlet 
coolant temperature because the balance of plant system is not capable 
of handling a higher power for a longer time period. So, the power 
will return to its initial value (1). Then: 

£T in = ( l - i ) . | , (3.31) 

6Tout = 6Tin + A T C 6 ( | ) = (1 - j) • ( | - ATC). (3.32) 

2. Events induced by changes in external reactivity (control-rod induced) 

(a) Transient Over Power (TOP) event, in which a control rod is withdrawn 
slowly, which causes a positive reactivity insertion 6pexi. F and Tin 

remain unchanged. At first, reactivity is compensated by a power rise 
(higher fuel temperatures). So, the quasi-static balance equation gives: 

P = 1 ^ - (3 33) 
A + B { } 

6Tout = (^-l)ATc = - 6 - ^ ^ . (3.34) 

Eventually, the increase in power will result in an increase of the inlet 
coolant temperature and the power will decrease to the initial level (1). 
The outlet coolant temperature will increase according to the increase 
in inlet temperature: 

8Tin = 6Toui = -^-. (3.35) 

3. Events induced by changes in inlet temperature (Balance of Plant induced) 

(a) Loss of Heat Sink (LOHS) in which the inlet temperature of the coolant 
rises due to the loss of cooling by the secondary circuit. The increase 
in inlet-temperature causes a decrease in power. Asymptotically, the 
power will be effectively zero and the outlet and inlet temperature of 
the coolant will be the same. Then: 

A 4- B 
6Tin = ^ - (3.36) 

6T0Ut = STin - ATC = ATC • [ £ ± ^ - 1]. (3.37) 



84 

(b) Chilled inlet temperature, in which the inlet temperature is too low, for 
instance due to a steam pipe break in the tertiary system. The decrease 
in inlet temperature will lead to a positive reactivity insertion, which 
is compensated by the reactivity decrease due to the increase in power. 
So: 

CAT 
6T0ut = [ j ^ - 1] • STin (3.39) 

The minimum inlet temperature is equal to the sodium melting tem
perature equal to 98 °C. This event will turn into a LOHS event after 
dry-out of the steam generator* _ M 

For the LOFWS event, it is possible that the asymptotic results underestimate 
the event due to short term dynamics effects. Then, the net reactivity departs 
from equilibrium, which invalidates the quasi-static balance equation. Without 
special design measures, the pump flow coastdown time constant r is shorter than 
the delayed neutron time constant. Due to the continuing high delayed neutron 
production, P/F will be even larger, and the outlet coolant temperature overshoots 
the asymptotic result given by equation 3.28. According to Wade et al in reference 
62, the overshoot is reduced when 

r » (A • (1 + jj)2\B\)~l - T„ (3.40) 

where 1/A is the delayed neutron time constant with A = 0/ <l > and A and B 
are in $'s. 

In this quasi-static analysis, the influence of afterheat and passive heat removal 
were not considered. These effects will play an important role for the events 
leading to passive shutdown of the reactor, i.e. the LGFWS and the LOHS 
events. Assumed is that the afterheat will be removed by the passive heat removal 
system (RVACS). In that case, the in-core temperatures will be similar, because 
the temperatures are set to compensate for the reactivity change. 

With these data, the average outlet coolant temperatures for the five ATWS events 
are calculated and are presented in table 3.10. The results for the pump overspeed 
event are obtained by assuming an increase in flow of 50%, and the results of the 
transient overpower event are obtained by assuming a reactivity insertion of 0.3$. 

Above 970 K fuel cladding interaction is much stronger leading to a higher pin 
failure rate. The outlet temperatures for these events are lower for the metal cores 



3.6. METALLIC AND OXIDE FUELED ALMR BURNERS 85 

Table 3.10: Average outlet temperature for five ATWS accidents. 

accident 

normal 
LOFWS 
Pump Overspee4 
Pump Overspeed 
TOP 
TOP 
LOHS 
Chilled Inlet 

LOFWS 

equation 

3.28 
3.30 
3.32 
3.34 
3.35 
3.37 
3.39 

3.40 

Burner 
metal 

758 
796 
745 
736 
854 
820 
712 
900 

22 

oxide 
758 

1280 
721 
737 
785 
825 
955 
602 

1.6 

T^t [K] 
IFR 

metal 
773 
876 
748 
748 
895 
876 
750 
819 

oxide 
773 

1885 
727 
748 
793 
859 

1255 
581 

r0[s] 
19 0.6 

IFR* 
metal 

758 
813 
741 
737 
903 
861 
721 
861 

oxide 
758 

1563 
719 
737 
782 
844 

1096 
571 

30.4 1.0 

than the oxide fueled cores except for the Transient Over Power event and the 
chilled inlet event. Especially for the Loss of Flow event, the temperature risr is 
much higher for the oxide core. The higher asymptotic outlet temperature for the 
oxide fuel is due to the larger ratio A/B due to the much higher AT/ for the oxide 
core. The minimum pump flow coastdown time constant r0 is almost a factor 10 
smaller for the oxide fueled cores due to the larger ratio of A/B. For the Transient 
Over Power event, the coolant outlet temperatures of the metallic fueled cores are 
higher due to the smaller Doppler effect caused by the smaller AT/. This event 
has been calculated for a slow withdrawal of the control rods for a small reactivity 
insertion of 0.3$, which is particular small considering the 12$ burnup reactivity 
loss for the burner cores. For the burner cores, the control rods have a large worth 
and have to be kept inserted deeply at startup to make a large burnup reactivity loss 
possible. Therefore, this event is very important, and the oxide fueled burner core 
has a smaller temperature increase than the metallic fueled burner. For the chilled 
inlet event, the outlet coolant temperatures for the metallic fueled cores are higher 
due to the smaller value of A + B. This event will turn into a LOHS event for 
which the outlet coolant temperatures of the oxide fueled cores are much higher 
than the outlet coolant temperatures of the metallic fueled cores for either event. 

The coolant outlet temperatures for the burner designs are less than for the IFR 
breeder design, which is due to the smaller sodium density coefficient and the 
lower linear power. For the metal burner, the outlet temperature is always much 
less than 970 K, but outlet temperature for the Transient Over Power event is much 
higher than for the oxide fueled burner. For the oxide burner, three ATWS events 
cause a high outlet temperature: the LOFWS event, the LOHS event, and the 



86 

chilled inlet temperature event leading to a LOHS event. 

3.7 Conclusions 

The process to maximize the transuranics burning rate of ALMRs has been studied. 
It is concluded that the transuranics enrichment should be maximized to reduce 
the amount of transuranics formed by neutron capture in U-238. The transuranics 
enrichment can be maximized by reducing the fuel inventory and by increasing 
the in-core residence time. A different approach is necessary due to constraints on 
core performance parameters. The way to proceed in this optimization process is 
to choose both the smallest cycle length and number of batches, and then to reduce 
the core height and the fuel volume fraction. The reduction in fuel inventory is 
limited by the limits on peak linear power and bumup reactivity loss. The in-core 
residence time can only be increased when the fuel inventory is hardly influenced, 
which is the case as long as the limits on bumup reactivity loss and peak bumup 
are not reached. 

This systematic optimization process is used to develop a metallic and oxide fueled 
burner. These burners burn approximately the same amount of transuranics per 
year, which is about 60 kg per year for the 471 MWt reactor power, which equals 
to 0.39 kg/MWe-y . This amount is about 1.5 times the amount discharged yearly 
by an ordinary Light Water Reactor operated at the same power level. The amount 
of transuranics burned is maximally 1.2 kgMWey for reactors without uranium. 
The uranium is necessary for a safe and cost effective operation. The time to halve 
the inventory represented by the Inventory Transmutation Time is calculated to be 
about 42 years. 

It is concluded that a smaller reactor power will lead to a higher amount of 
transuranics burned per unit of reactor power. An explanation that the metallic 
and oxide fueled ALMR burners burn equally well is presented: Although the 
transuranics enrichment is lower for the metallic fuel, the burning capability is the 
same as for the oxide fueled burner, because the transmutation rate of U-238 is the 
same. This is caused by the lower microscopic capture cross section for U-238 for 
metallic fuel. 

In this study, the safety of the designs are studied. Concluded is that the burner 
cores will lead to lower temperature changes due to Anticipated Transients Without 
Scram than the IFR breeder designs due to the lower linear power and the smaller 
sodium density coefficient. The oxide cores lead to higher temperature changes 
for ATWS events due to the higher fuel temperatures caused by the lower heat 
conductivity of the oxide fuel compared to the metallic fuel. The only exception 
is the Transient OverPower event, in which a control rod is pulled out. For this 
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event, the metallic fueled cores react more violently, leading to higher average 
coolant outlet temperatures. This is, however, not the limiting event. 

One major difference with the original ALMR breeder reactor is the large bumup 
reactivity loss. This leads to a large overreactivity at startup of the reactor, which 
is potentially unsafe. One way to reduce this effect is the use of burnable absorber 
rods to lower the overreactivity and to flatten the power profile. The implications of 
such absorber rods on reactor characteristics should be studied. Another advantage 
of absorber rods is that the transuranics enrichment can be increased without 
lowering the fuel inventory. This might be needed to obtain a high enrichment for 
reactors with a higher thermal power than the ones considered in this study. 

In general, the optimization of burning potential in the ALMR will lead to fuel 
inventory reduction and in-core residence time maximization. This will increase 
the cost effectiveness of the design. However, optimization leads also to a small 
cycle length, which will increase costs. Also, optimization on burning will lead 
to a decrease in reactor power, which will increase the cost per unit of energy 
produced. It is expected that reprocessing losses for the oxide fueled burner 
will be lower. Also, the technology for this reprocessing technique is already 
developed. The choice between metallic or oxide fueled burner cores for burning 
transuranics depends on the difference in safety behavior and the difference in cost 
but not on the burning capability for burning transuranics. 





Chapter 4 

Molten Salt Transmitter 

4.1 Introduction 

In chapter two, the dependence of burner capability on neutron spectrum and 
uranium content is discussed. An empirical relationship between enrichment and 
burner capability showed mat reactors without uranium (or thorium) bum at the 
highest rate. In chapter three, the possibilities for a fast reactor burner on the basis 
of a practical design are presented. The advanced liquid metal reactor operated as 
burner still contains fertile material for economics and safety. The time to reduce 
the actinide inventory is long due to this fertile inventory. The time to reduce an 
amount equal to the inventory, the Inventory Transmutation Time, for the ALMR 
is equal to 42 years. 

In this chapter, a thermal burner design is presented without fertile material based 
on an old design of Oak Ridge National Laboratory (ORNL). Both designs use a 
molten salt as fuel, and operate with continuous reprocessing and refueling, and 
use a molten salt based reprocessing technique. The usage of a molten salt fuel 
has many advantages: 

1. By continuous refueling and reprocessing, there is no bumup reactivity loss. 

2. By continuous reprocessing, the neutron absorption by fission products is 
reduced due to the relatively short time between production and removal of 
the fission products. 

3. The absorption in the neutron 'poison' Xe-135 is reduced, because the 
solubility of noble gases in molten salts is low. 

so 
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4. The molten salt reactor can be designed with a negative temperature coef
ficient, independent of the fuel content; fuel heating leads to a loss of fuel 
by expansion, which will lead to a reactivity loss when the reactor core is 
overmoderated. 

5. A high Q-activity and heat production poses many problems in aqueous 
reprocessing used for solid oxide fuel. These problems can be avoided by 
using a molten salt reprocessing technique. 

6. Molten salt fuel fabrication is much simpler. 

For a burner design, the burr.up reactivity loss, the neutron absorption by fission 
products (especially for thermal reactors), the temperature reactivity feedback, 
and the reprocessing may pose difficult problems which can be solved by using a 
molten salt reactor. 

Without continuous refueling, fuel without fertile material leads to large reactivity 
changes during a cycle because fissioned fissile material is not replaced by fissile 
material produced by neutron captures in fertile material. One might accommodate 
for this reactivity change by. adding burnable poisons to the fuel at the beginning 
of cycle. However, the overreactivity for a transuranics based thermal reactor at 
the beginning of cycle is low, leading to a very short cycle length (see chapter 2). 

For this different reactor and fuel concept, many questions can be asked: Is 
reprocessing of molten salt fuel possible and can it be operated continuously; how 
is the interaction of the molten salt with materials in the reactor; and how much is 
it going to cost? Many of these questions have been addressed by the molten salt 
reactor program operated by ORNL from 1947 to 1976, described in many papers 
and reports. In the next section, the history of the molten salt reactor development, 
mainly carried out by ORNL, will be presented65. 

As determined in chapter two, the optimal burner is the one which reduces the 
largest amount of transuranics in the shortest time to the smallest reside at a 
certain power level. This results in a burner without uranium, operated at the 
highest power density. For a molten salt reactor, the power density is limited by 
the characteristics of the salt and the capacity of the primary pumps which circulate 
the fuel salt. 

In this chapter, a molten salt transmuter is designed. Normally, one wo Ud proceed 
by choosing the power density and the other design parameters, but in this chapter, 
the power density is determined as a function of three input parameters. This 
method is followed because the calculational method makes it impossible to take 
the salt power density as input parameter. The approach used allows three input 
parameters to be used in a systematic study. The input parameters are the total flux, 
the fuel volume fraction, and the fraction of tansuranics in the salt. The output 
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parameters are the isotopic composition of the fuel salt, the sait power density, the 
total equilibrium critical power, the equilibrium critical core volume, the Inventory 
Transmutation Time, and the temperature reactivity coefficient. The equilibrium 
critical power and volume are defined as the power and volume at which the reactor 
will run at the desired flux level, fuel volume fraction, and transuranics fraction 
in the salt. Using these results and limits on these output parameters, a range of 
input parameters is determined, for which safe operation is possible. Two limits 
are to be imposed: 

1. The power density has to be smaller than a certain value determined by the 
cooling system and the flow characteristics. 

2. The temperature feedback coefficients should be negative. 

Furthermore, the total power should be reasonable, for instance between 100 MWt 

and 3000 MW t . 

The burner dimensions are determined by the neutron balance: neutron production 
by fission on the one side and neutron leakage and absorption on the other side. 
Absorption of neutrons occurs in fission products, construction material, and in 
components of the fuel salt including the fuel itself. The isotopic composition of 
the fuel salt is dependent on the resign parameters and on the isotopic composition 
of the feed material. The flux level influences the fission product densities, whereas 
the neutron spectrum, mainly determined by the fuel volume fraction, influences 
the relative amount of neutron absorptions in the non-fuel parts of the core. The 
transuranics fraction in the salt influences the ratio of the neutron absorption in the 
actinides and the non-fuel parts of the fuel salt. Therefore, variation of these design 
parameters will influence the core dimension and other performance parameters 
of the molten salt transmuter. 

Then, for one particular design, the safety characteristics are determined, especially 
the temperature coefficient. Also, the startup of such a reactor completely with 
transuranics from LWR discharges is considered. The isotopic composition of the 
fuel salt and the critical transuranics fraction in the fuel salt are determined. For 
this startup core, the safety characteristics are determined also. 

For a transuranics fueled reactor, large uncertainties in the neutron data of transuran
ics will lead to large design uncertainties. For many nuclides, the available data 
is scarce, or based on calculations only. Normally, these uncertainties will be 
unimportant due to the large contribution to neutron absorption and fission of 
well-studied isotopes like U-235, U-238, and Pu-239, For a transuranics fueled 
reactor, however, a large uncertainty in the multiplication factor is expected. The 
magnitude of this uncertainty and the influence on the reactor size are estimated 
with adjoint calcuiational techniques. 
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4.2 History of the Molten Salt Reactor Development 

Fluid fueled reactors received attention in the past because of the possibilities of 
continuous reprocessing and recycling. In this way, the neutron absorption in fis
sion products could be reduced and these extra neutrons could be used for breeding 
new fissile material. Fluid fueled thermal reactors operated on the thorium/uranium 
cycle might be able to produce more fissile material than is consumed: breeding. 
A thermal breeder reactor has the advantage of a small fissile inventory compared 
to that of a fast reactor. One of these fluid fueled designs was studied in the 
Netherlands since 1951. A prototype reactor was the Kema Suspension Test Reac
tor operated on an aqueous suspension of U02/Th02 particles from 1974 to 1977 
66. In 1956, research started in ORNL to design an other type of fluid fueled reactor 
for commercial use: The molten salt reactor. 

In 1960, the Molten Salt Reactor Experiment (MSRE) was started to proof that 
a safe, reliable, and maintainable molten salt reactor could be operated. The 
experiment was a 8 MWt, graphite moderated molten salt fueled reactor, which 
operated on U-235, U-233, and Pu-239, from 1964 to 1969. The reactor operated 
without problems: the fuel salt was not damaged by irradiation, the graphite was 
stable, and the alloy (Hastelloy N) which was used in all equipment was resistant 
to the fuel salt. Noble gases were stripped from the salt by a helium spray system, 
which reduced xenon poisoning by a factor of 6. Also, the reprocessing of uranium 
by fluorination was proven to be adequate. The experiment was stopped in 1969 
because it had provided all the requested information, and the funds were to be 
used for the development of the Molten Salt Breeder Reactor. 

After the MSRE was stopped, ORNL studied on a proposal for a Molten Salt 
Breeder Reactor. In 1976, funds were lost to the fast breeder sodium cooled 
reactor program. 

In recent years, the molten salt reactor has gained interest from scientists outside 
the US. Especially, the breeding capabilities and the operation on thorium has 
been studied67'68'69'70'71'72. It is an alternative to the fast reactor technology. Very 
recently, some proposals have been made to use the molten salt reactor as a burner 
oftransuranics73'74'75'76. 

The program by Furukawa in Japan is based on the program of ORNL, but its 
goal is the design of a small molten salt reactor, in which the power density is low 
and continuous reprocessing is not used except for the removal of fission gases 
like xenon and krypton. In the MSBR, every four years, some of the graphite 
moderator had to be removed, because of swelling due to radiation damage. This 
will be reduced at a lower power density. Continuous reprocessing is abandoned 
because of cost and the proliferation risk. 



4.3. SYSTEMS DESCRIPTION 93 

• fuel channel 

Figure 4.1: Core map of the Molten Salt Transmitter. 

Kasma and Kazaritsky studied burner concepts based on the ORNL experience of 
molten salt reactors. They propose transuranics to U-233 converters74'75. These 
designs are not of interest for this thesis, because transition to another actinide is 
not a solution of the actinide waste problem. 

Hughes studied a transuranics fueled concept of a molten salt reactor, which uses 
heavy water as moderator76. In his paper, Hughes showed that it is possible to 
transmute 1.3 times the transuranics inventory annually equal to an Inventory 
Transmutation Time of 0.77 years. This is almost two orders of magnitude less 
than for the ALMR designs, which had ITTs of about 42 years. Many questions 
remain, for instance is a salt power density of 10 GW/m3 possible (Three cubic 
meters produce all the electric power for the Netherlands)? We will come back to 
this question when we discuss the cooling system of the reactor. Another question 
is how to isolate the salt from the water: The only possible material available right 
now, is Hastelloy N which is not radiation resistant77. 

4.3 Systems Description 

4.3.1 Core -

The core of the Molten Salt Transmuter consists of two regions: The fuel region 
and the radial graphite reflector. An axial reflector is not considered. The relative 
fuel salt content for the fuel salt in graphite is one of the design parameters. The 
radius of the fuel ring is varied between 150 cm and 400 cm whereas the reflector 



94 

thickness is always 50 cm. The core height will be determined in this chapter. In 
figure 4.1, the core map is shown. The core consists of graphite with fuel channels 
with a radius of 1.7 cm. 

4.3.2 Reprocessing 

Reprocessing is an important part of the Molten Salt Transmuter. In this section, 
some of the features of the reprocessing are described. The systems described 
in literature are either based upon the thorium breeder reactor for which protac
tinium extraction is important, or for the denatured molten salt reactor, for which 
extraction of uranium is important. Five processes can be distinguished77'78: 

1. Removal of all gases by a sparging process, 

2. The fluoride volatility process: UF4 is contacted to fluorine to produce the 
gaseous UF6, 

3. The separation of protactinium by reduction in a salt-bismuth mixture, 

4. The separation of the rare earths from thorium by reduction in a salt-bismuth 
mixture and salt-LiCl mixture, 

5. Reduction of UFQ with hydrogen to produce UF4. 

For a Molten Salt Transmuter, the reprocessing will be different, because the only 
objective is to separate the fission products. Engel et al show a processing sheet 
for a denatured molten salt converter reactor79. This reactor was designed to make 
the molten salt reactor more proliferation resistant by keeping one the actinide 
stream. Nothing can be said about reprocessing losses or whether reprocessing is 
possible with other salts. Clearly a lot of work is required to proof these processes 
to be feasible. 

4.3.3 Materials 

The most important materials are graphite, Hastelloy N, and the fuel salt. For the 
fuel salt, FUBE is not suited because not more than 1% of plutonium can be added 
to this salt. According to Hughes in reference 76, two other salts are available to 
act as fuel salt: 

1. The TRUF3-NaF-ZrF4, with the relative contents of NaFand ZrF4 according 
to reference 72, So, the mole fractions are x:3.5:2.4 for TRUF3:NaF:ZrF4. 
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2. The TRUF3-NaF-KF-BeF2, with relative contents of NaF, KF, and BeF2 

according to reference 75. So, the mole fractions are x:2.2:5.2:1.3 for 
TRUF3:NaF:KF:BeF2. 

For core calculations, the density of the salt is needed as a function of the relative 
TRUF3 content. To determine the temperature coefficient, the density as a function 
of the temperature is needed. In reference 80t 1 method is presented to calculate 
the density of a salt composition from a table of measured molar volumes at 
two temperatures (600 and 800 °C). Assumed was that the density in a restricted 
temperature range important for reactor operation is linear in temperature. Using 
this table, it is possible to calculate the density of every sc'.t composition as a 
function of temperature. No molar volume of the TRUF3 salt is presented. As an 
estimate, we will use the molar volume of the TI1F4 salt. 

Li figure 4.2, the density of a thorium based salt is presented as a function of the 
ThF4 content. In the calculations presented in this thesis, it is assumed that the 
density of the thorium based salt is the same as the density of a transuranics based 
salt. 
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Figure 4.2: Density ofThF4 -NaF-ZrF^ and ThF4 -NaF-KF-BeF2 salts as a junction 
ofThF^ mole percentage. 

This figure shows that the fuel density increases strongly with actinide content. 
Other important characteristics, like viscosity, heat conductivity, and heat capacity, 
determine the suitability of the fuel salt. The heat capacity and the heat conductivity 
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are decreasing with actinide percentage, and are always lower than for FLIBE for 
the ThF4-NaF-ZrF4. For the TnF4-NaF-KF-BeF2 salt, the heat capacity and the 
heat conductivity are higher than for FLIBE for percentages of ThF4 lower than 
30%. The viscosity of the salts as a function of ThF4 mole fraction could not be 
calculated. This quantity has to be determined experimentally. In this study, only 
the data of the ThF4-NaF-ZrF4 salt is used representing the TRUF4-NaF-ZrF4 salt. 

4.3.4 Cooling 

This section describes the cooling of the Molten Salt Breeder Reactor. The average 
temperature increase of the coolant from inlet to outlet is 140 K. The heat capacity 
Cp is 1.4 Jg~lK~l , and the density is 3.3 g/cm3. So, the maximum energy 
production per unit of coolant volume is 647 J/cm3 and for a core height of 4 
meters and a maximal flow speed of 3 m/s, the maximum power density is 0.49 
GW/m3, which is the value presented by the MSBR research group81. It is hard to 
tell if any higher value of this maximum power density is possible, but a factor 20 
as is proposed by Hughes76 seems impossible. For this study, the maximum power 
density is chosen as 1 GW/m3 counting on new developments. 

4.4 Calculational Methods 

4.4.1 Neutron Balance 

The objective of this study on the molten salt transmuter is to obtain the value of the 
output parameters (equilibrium critical core size, equilibrium critical power, salt 
power density, the inventory transmutation time, and the temperature reactivity 
feedback) as a function of the three input parameters (total flux, fuel volume 
fraction, and the transuranics content of the salt. The equilibrium critical core size 
is determined from the neutron balance equation, describing neutron production 
and loss. 

To determine the equilibrium critical core size, equation 4.1 with core size V and 
design parameters pi as variables is solved using the multigroup one-dimensional 
transport code XSDRN. 

k(pi,V) = fc^fe) • PNL(Pi,V) = 1, (4.1) 

with koo the infinite multiplication factor, and PSL the neutron non leakage 
probability. The infinite multiplication factor is equal to: 

k = V*L v. (42) 
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where v is the number of neutrons emitted per fission, £ƒ is the macroscopic 
fission cross section, E„ c is the macroscopic absorption cross section of the 
actinides, Ef p is the macroscopic absorption cross section of the fission products, 
and E f A R is the macroscopic absorption cross section of the parasitic absorbers, 
for instance in some elements in the salt and the graphite. The as are the ratios 
of the respective macroscopic capture cross sections and the macroscopic fission 
cross section. 

The a-values have to be calculated to determine the equilibrium critical core size. 
aFP is calculated independently from aAC and aPAR. The influence of the 
fission products on the reactivity is included in the determination of the infinite 
multiplication factor of an infinite array of system cells with one pseudo fission 
product using the multigroup transport equation. In the next section, the method 
to determine aFP as a function of flux level is explained 

4.4.2 Calculation of Fission Product Densities 

The fission products are treated independently from the actinides to simplify the 
calculational method. The fission products are treated in the calculation of the 
equilibrium critical core size as one isotope with a microscopic capture cross 
section with a (1/v) energy dependence, with v the neutron speed. This method 
can be used as long as the isotopic composition of the fission products is not 
important. 

ORIGEN-S is used to study the buildup of fission products during reactor operation; 
it contains data for about 800 fission products31'82. Continuous reprocessing of the 
fission products is assumed in which all fission products are separated from the 
actinides. Then, ORIGEN-S solves the equation for production and loss of each 
fission product i: 

-^ = 7 i £ / 0 + ^(Xji + VjiflNj - Ni<Ti4> - XiNi - y , (4.3) 
3 

with Ni, the density of I nuclide, 7* the yield for this fission product, Xji is the 
radioactive decay constant for isotope j which decays to isotope i, OJ j is a neutron 
cross section for isotope j which will lead to isotope i, A* the radioactive decay 
constant for isotope i, and T the mean residence time in the system. The time t of 
"reactor operation" in ORIGEN-S was long enough to reach equilibrium for most 
fission products. 

The fission product densities are calculated as a function of flux and of the mean 
residence time. A constant production of fission products as a function of time t 
is obtained by taking constant Pu-239 density and flux. This is possible because 
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the fission product yields for all other transuranics are zero in the ORIGEN library 
for the molten salt reactor. We assumed that the xenon and krypton are removed 
from the reactor immediately when they are formed, because the noble gases are 
not soluble in the salt, so no neutron captures in xenon and krypton atoms occur. 
Then, aFP is equal to: 

r p y ^ _ i Nidi 

Some assumptions have been made by using ORIGEN in this way and not including 
the fission product calculation in the neutron transport calculations of the cell: 

1. The production of the fission products is independent of the actinide com
position, 

2. the influence of flux spectrum changes on the microscopic and macroscopic 
cross section for the fission products is neglected, 

3. the fission product cross sections of the ORIGEN-S data files for the molten 
salt reactor are used. 

The first assumption is due to the fact that only Pu-239 was used for fuel. This 
was necessary because no fission product yields for other transuranics are present 
in the ORIGEN-S data files for the Molten Salt Reactor. Using ORIGEN-S will 
lead to underestimation of the fission product densities when other transuranics 
are used as fuel. 

A spectrum change will change the microscopic cross sections, but a change 
in microscopic cross section will partly be canceled out by a change in density 
resulting in a smaller change in the macroscopic cross sect.on. For instance, an 
increase of a microscopic cross section will increase the neutron capture for that 
specific isotope reducing its density. 

4.4.3 Calculation of the Actinide Densities 

The SC ALE-4.1 code system and the code EQUI were used to calculate the actinide 
densities. The SCALE-4.1 code system calculates the neutron spectrum and the 
corresponding microscopic cross sections for an infinite lattice of fuel "pins". 
These "pins" consist of a graphite cylinder with a central hole filled with fuel salt. 
EQUI is introduced in chapter 2 of this thesis and a more extensive description is 
given in appendix B. It calculates the actinide densities based on the microscopic 
cross sections. These calculations provided the ratio of macroscopic capture cross 
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Figure 4.3: Flow schedule for the calculations on the molten salt transmuter. 

section and fission cross section of all actinides. Furthermore, cell-averaged cross 
sections were determined, which were used to determine the equilibrium critical 
core size. 

In figure 4.3, the flow diagram of the actinide density calculations is shown. The 
calculation starts with estimated one-group cross sections for the actinides and the 
(l/v)-pseudo fission product, a fixed flux level, and a fixed aFP dependent on the 
flux level. In EQUI, the actinides equilibrium densities, N^c» are calculated based 
on the estimated actinide cross section data, the total flux level and the feed compo
sition of transuranic material, which is spent fuel from once-through LWRs. These 
densities and the density of the (l/v)-pseudo fission product, which is calculated 
from the microscopic cross section, the macroscopic fission cross section and the 
aFP, are used in the cell calculation controlled by the CSASlX-module83. This 
module generates the input for the BONAMI, NITAWL and XSDRN codes84'85'86. 
This set of codes generates one-group cross sections, aA€ and o\jv (the micro
scopic one-group absorption cross section of the (l/v)-pseudo fission product), 
which will be used to recalculate the actinide densities with EQUI and the density 
of the (l/v)-pseudo fission product. This process continues until the ratio of S^ c 

and E/ from step to step change, less than 0.05%. The cross section of the (1/v)-
pseudo fission product is determined every step from which a new input density 
for the (l/v)-pseudo fission product is calculated. The nuclear data is based on the 
JEF2.2 data, generated into a 172 fine-group data file by NJOY9187. 
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4.4.4 Core Calculation 

The equilibrium critical core size is calculated with XSDRN in the direct buckling 
search. In XSDRN, the core height is adjusted to obtain a critical core. The core 
radius is varied by hand depending whether a critical core is obtained between 150 
cm and 400 cm 

4.4.5 Calculation of Reactivity Coefficients 

Temperature increase will lead to expansion of both the graphite and the fuel 
salt. Fuel expansion reduces the in-core fuel amount and the fuel-moderator ratio. 
Graphite expansion will be a very small effect compared to the fuel expansion 
effect because the graphite expansion coefficient is small (1.3 10 - 6K_ 1) . 

The effects of a fuel temperature increase from operating temperature (908K) to 
a temperature of 1000 K have been determined with a direct calculation of the 
temperature effect (Doppler effect) and with a direct calculation of the fuel density 
decrease. The influence of these effects on the infinite multiplication factor were 
determined and do not include the effect of increased neutron leakage, which might 
be important especially for the fuel density effect. 

The effects of a graphite temperature increase have only been determined for one 
case with a direct calculation of the influence on the infinite multiplication factor 
for radial expansion and the influence on the effective multiplication factor for 
axial expansion. The reactivity coefficients for these effects were about a factor 
20 and 200 smaller than the effects due to a fuel temperature increase and are not 
considered in the rest of this chapter. 

4.5 Design of the Molten Salt Transmuter 

4.5.1 Role of Fission Products 

The results of the ORIGEN-S calculations as function of thermal flux, and for four 
mean residence times are presented in figure 4.4. 

Clearly, the ratio of S f p and S/ increases with flux level according to equation 
4.3. When the production of a certain fission product i by decay or neutron capture 
of other isotopes is neglected, the solution of this equation in equilibrium (dN/dt 
- 0) is: 

«<'-">-,rfffii/r (4-5) 



4.5. DESIGN OF THE MOLTEN SALT TRANSMITTER 101 

0.25 

time-30 days 
G—-Otime-15 days 
O "-O Ume-10 days 

time-5 days 

0.00 
0e+00 2e+15 4e+15 6*+15 

total flux [cm'V] 

Figure 4.4: The ratio ofT,FP and E/, aFP, as a Junction of total flux and the 
mean residence time. 

and the ratio aFP for this isotope is given by: 

a FP _ 7t 

1 + h±m (4.6) 

The density will increase with increasing flux to a constant value equal to jiUf/ai. 
aFP is a summation of aFP of all fission products. The function aFP has a 
decreasing positive slope with increasing flux for all isotopes. The influence of a 
smaller mean residence time T is a decrease in aFP. 

It is noted that the noble gases were not taken into account. For a thermal flux 
of 1014 cm"2s~1, aNG for the noble gases is about two times higher than aFP 

without the noble gases. The maximum value for aNG is about 0.12. These 
results are similar to the results by Davidson88, who calculated the fission product 
densities for an accelerator-based transmutation system. 

In table 4.1, the ten most important fission products for neutron capture are pre
sented for three flux levels for the ten day reprocessing time. For reference, the 
ten most important fission products after three years in a normal LWR core are 
presented. These results were obtained with ORIGEN-S as well. For low flux 
levels, the neutron capture for the molten salt transmuter is dominated by Rh-105, 
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whereas for a normal LWR, Xe-135 is most important for neutron capture in fis
sion products. To explain the behavior of Rh-105 and Sm-149, we will make use 
of equation 4.6. Rh-105 is short-lived and has an extremely high capture cross 
section, whereas Sm-149 is stable and has an extremely high capture cross section 
as well. So, Sm-149 is at its maximum value for relatively low fluxes due to the 
decay constant equal to zero and the high cross section. The relative mass of 
Sm-149 will therefore decrease with increasing flux, because other isotopes will 
increase with flux. For instance, Rh-105 is for low fluxes not at its maximum value 
and will increase. 

Table 4.1: Ten most important fission products for neutron capture (C)for three 
flux levels and for a normal LWR after three years in core. 

flux 
rank 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

3-10" cm" V 1 

Nuclide 
Rh-105 
Sm-149 
Sm-151 
Gd-157 
Eu-155 
Cd-113 
Pm-147 
Sm-152 
Ag-109 
Pm-149 

C[%] 
43.1 
31.2 
8.9 
8.1 
2.9 
1.1 
0.7 
0.5 
0.5 
0.5 

3 -10 1 4 cm-V 1 

Nuclide 
Rh-105 
Sm-149 
Sm-151 
Eu-155 

. Gd-157 
Sm-152 
Pm-147 
Cd-113 
Ag-109 
Pm-149 

C[%] 
53.1 
22.3 
9.6 
3.2 
2.4 
1.1 
1.1 
1.1 
0.8 
0.8 

3\0lb cm-h'1 

Nuclide 
Rh-105 
Sm-149 
Sm-151 
Sm-152 
Eu-155 
Pm-147 
Pm-149 
Ag-109 
Nd-143 
Eu-153 

C[%] 
49.1 
10.9 
7.7 
4.1 
2.9 
2.7 
2.6 
2.3 
1.8 
1.6 

LWR 
Nuclide 
Xe-135 
Rh-103 
Nd-143 
Sm-149 
Xe-131 
Cs-133 
Pm-147 
Sm-152 
Sm-151 
Eu-153 

C[%) 
19.9 
14.4 
10.8 
8.3 
8.0 
7.5 
6.8 
5.5 
4.8 
4.0 

4.5.2 Flux Dependence 

In this section, the results of a variation in flux level are presented. The other input 
parameters were constant. The TRU fraction in the salt was 20%, the fuel volume 
fraction was 2.3%, and the mean residence time was 10 days. Furthermore, it was 
assumed that the out-of-core residence time could be neglected for the actinides. 

The ratio of the capture to fission cross section for the actinides (lowest curve in 
figure 4.5) is a continuous decreasing function with flux level, ranging between 
2.0 and 1.5. The most pronounced decrease in aAC is for low flux. The densities 
of the short-lived isotopes increase linearly with flux as long as the product of 
flux and microscopic absorption cross section is much smaller than the decay 
constant. This is similar to the result for the fission products explained in section 
4.5.1. Therefore, the relative mass of the short-lived isotopes and their activation 
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products, Cm-245 in particular, increase with flux level. The ratio of fission to 
capture cross section is higher for Cm-245 than for the plutonium isotopes. 

In figure 4.6, this phenomenon is shown. The higher actinides, activation products 
of short-lived isotopes, increase with flux level, whereas the plutonium isotopes 
decrease with flux level. 

The lower content of the absorbing plutonium isotopes (Pu-239, Pu-240, and 
Pu-241) causes a spectral softening because these isotopes have high thermal 
cross sections. Also, it causes a decrease in selfshielding for these isotopes. The 
microscopic one-group absorption cross sections increase due to the higher thermal 
flux. 

In figure 4.5, the ratio of the total capture and fission cross section including 
the actinides, fission products, and the parasitic absorptions is presented. The 
minimum value depends strongly on the mean residence time and is between a 
flux of 51014 cm~2s_1 and 1016 cm~2s -1 . A mean residence time of 10 days 
was assumed for the equilibrium critical coie volume calculations. 

In figure 4.7, the equilibrium critical core volume for a mean residence time of 10 
days is presented as determined with the code system. The minimal equilibrium 
critical core volume is for a flux of 5-1015 cm~2s~1. This is somewhat higher 
than the minimum in aiot due to the increase in v caused by the increased fission 
rate of Cm-245 with increasing flux level. First, the equilibrium critical core 
volume decreases with flux due to the decrease in aAC, which is for higher fluxes 
compensated by the increase in aFP. For fluxes lower than 1014 cm - 2 s - 1 , no 
equilibrium critical core volume could be obtained. 

In figures 4.8 and 4.9, the power density and the equilibrium critical reactor power 
of the burner are presented. The power density increases with flux level and is for 
fluxes higher than 1015 cm~2s_1 higher than the limit of 1 GW/m3. Due to the 
increased equilibrium critical core volume and the higher flux, the power increases 
strongly above 31015 cm~2s -1 . 
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Figure 4.6: Relative isotopic mass of some actinide isotopes for three flux levels. 
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Figure 4.7: The equilibrium critical core volume as a function of flux level. 
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Figure 4.8: The average power density in the fuel salt as a function of flux level. 
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Figure 4.9: The equilibrium critical thermal reactor power as a function of flux 
level. 
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Figure 4.10: The Doppler coefficient, the fuel expansion reactivity coefficient, and 
the total fuel temperature reactivity coefficient as function of flux level. 
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In figure 4.10, the fuel temperature reactivity feedback coefficients are presented 
as a function of the total flux level. The Doppler coefficient is negative and 
its absolute value is increasing with flux. It is negative due to the increase in 
absorption in the fissionable Pu-242 and Cm-244 in particular. The absolute value 
increases with flux level due to the increased influence of Cm-245. This isotope 
has a much lower increase of resonance absorption with increasing temperature 
than the plutonium isotopes it is replacing. The temperature reactivity coefficient 
for the fuel density is positive, and for low flux increasing with flux, and for higher 
flux values decreasing with flux. The differences are too small to come up with a 
clear reason for this behavior, because too many isotopes have changing densities. 
The total reactivity coefficient is positive for low fluxes, and negative for flux 
values higher than 1014 c m _ 2 s - 1 . 

In conclusion, for a fuel volume fraction of 2.3%, the total flux should be in the 
range from 1014 cm~ 2 s _ 1 to 1015 cm~ 2 s - 1 , where the largest reactivity feedback 
is for a flux value of 1015 cm _ 2 s _ 1 . 

4.5.3 Fuel Volume Fraction Dependence 

For a total flux value of 3-1015 cm~2s_ 1 , a transuranics fraction of 20%, and a 
mean residence time of 10 days, the dependence of the burner performance on fuel 
volume fraction has been studied. The fuel volume fraction has been changed by 
varying the pitch between fuel cells, while maintaining the same radius for the fuel 
channels of 1.7 cm. In the following graphs, the results are presented. In figure 
4.11, the relative masses of some of the most important actinides are presented for 
three fuel volume fractions. The relative mass of the plutonium isotopes increases 
with increasing fuel volume fraction due to the decreased cross sections caused by 
spectrum hardening. Therefore, the feed composition is more important. 

Figure 4.12 shows the equilibrium critical core volume and the equilibrium critical 
salt volume of the molten salt transmuter as a function of fuel volume fraction. 
The decrease in equilibrium critical core volume is caused by two effects: 
1 Relative decrease of absorptions in graphite, 
2 Spectrum hardening. 
Both effects are caused by the increase of absorptions in the fuel. The influence 
of fuel volume fraction above 4% on equilibrium critical core volume is small. 
The neutron spectrum in the fuel of the burner is similar to the spectrum of a fast 
reactor for fuel fractions above approximately 10%. Up to a fuel volume fraction 
of 6%, the decrease in equilibrium critical core volume is mainly caused by the 
reduced absorption in graphite relative to that of fuel. Above 10%, the decrease 
in equilibrium critical core volume is mainly caused by the spectrum hardening. 
The total equilibrium critical salt volume has a minimum value at 4% fuel volume 
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Figure 4.11: Relative isotopic mass of the actinide isotopes for three fuel volume 
fractions. 

fraction. Above this value, the increase in fuel volume fraction is stronger than the 
decrease in equilibrium critical core volume. Up to a fuel volume fraction of 4%, 
the decrease in equilibrium critical core volume is much stronger than the increase 
in fuel volume fraction. 

In figure 4.13 and 4.14, the power density and the equilibrium critical reactor power 
are plotted as function of the fuel volume fraction. The power density decreases 
continuously with fuel volume fraction due to the decrease in macroscopic fission 
cross section. Due to spectrum hardening, the microscopic fission cross section 
decreases. The equilibrium critical reactor power decreases strongly with fuel 
volume fraction until a fraction of 4% due to the strong decrease in equilibrium 
critical core volume. For higher fuel volume fractions, the decrease in power 
density and the increase in salt volume cancel out and the equilibrium critical 
reactor power is about 1600 MWt. 
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Figure 4.12: The equilibrium critical core volume as a Junction of fuel volume 
fraction. 
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Figure 4.13: The average power density in the fuel salt as a function of fuel volume 
fraction. 
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Figure 4.14: The equilibrium critical reactor power as a function of fuel volume 
fraction. 
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Figure 4.15: The Doppler coefficient, the fuel expansion reactivity coefficient, and 
the total fuel temperature reactivity coefficient as function of fuel volume fraction. 
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In figure 4.15, the fuel temperature reactivity feedback coefficients are presented 
as a function of the fuel volume fraction. The Doppler coefficient is negative 
and its absolute value is increasing with fuel volume fraction. This is caused by 
the decrease of the resonance escape probability with reduced moderation, which 
leads to an increased influence of the resonances and thus the Doppler effect. 

Three regions can be seen in the graph of the temperature reactivity coefficient for 
the fuel density as a function of the fuel volume fraction. Below a fuel volume 
fraction of 2%, the temperature reactivity coefficient is negative, which means that 
the reactor is overmoderated. For fuel volume fractions between 2% and 7%, the 
temperature reactivity coefficient for fuel density is positive, which means that 
the reactor is undermoderated. And for fuel volume fractions larger than 7%, the 
reactivity coefficient is negative. In this case, we can not speak of overmoderated, 
because the reactor behaves effectively as a fast reactor. 

The temperature reactivity coefficient for the fuel density is increasing for low 
fuel volume fractions due to the decreased influence of the absorptions in graphite. 
That it is decreasing for higher fuel volume fractions shows that the reactor more 
or less is operating as a fast reactor. A decrease in fuel density leads to an increased 
thermalization and a softer spectrum. A softer spectrum leads to a decrease in 
the infinite multiplication factor due to the decrease in the number of fissions per 
absorption for both the fissile and the fissionable isotopes. The total temperature 
reactivity coefficient is always negative, with its maximum at 4%, for which the 
reactivity coefficient is almost zero. 

In conclusion, an increase in fuel volume fraction leads to a decrease in power 
density of maximally a factor of three. The temperature reactivity coefficient 
has a maximum value at 4% and is increasingly negative for higher fuel volume 
fractions. 

4.5.4 Transuranics Salt Fraction Dependence 

The third parameter which can be varied is the TRUF3 fraction of the salt. For 
a total flux value of 3- 1015 cm"~2s~\ a fuel volume fraction of 2.3%, and a 
mean residence time of 10 days, the dependence of the transuranics fraction in the 
salt has been studied. The salt density is dependent on the transuranics fraction 
according to figure 4.2. In figure 4.16, the power density is presented as a function 
of the transuranics salt fraction. The power density increases with the transuranics 
salt fraction due to the increased density of transuranics in the salt. One would 
expect the power density to be linearly dependent on this fraction, but this is not the 
case. The thermal flux decreases with increasing transuranics salt fraction due to 
the higher macroscopic absorption cross section of the fuel. Due to this decrease 
in thermal flux, the microscopic fission cross section decreases with increasing 
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transuranics salt fraction, which reduces the power density. Therefore, the power 
density increases with increasing transuranics salt fraction with a decreasing slope. 

In figure 4.17, the equilibrium critical reactor power is presented as a function 
of the transuranics salt fraction. The equilibrium critical reactor power decreases 
with increasing transuranics salt fraction due to the relative decrease in absorption 
in the non-actinide salt isotopes and the graphite. 

15 20 
TRU fraction [%] 

25 

Figure 4.16: The average power density in the fuel salt as a function of transuranics 
salt fraction. 

In figure 4.18, the fuel temperature reactivity feedback coefficients are presented 
as a function of the transuranics fraction. The Doppler coefficient is negative 
and constant with transuranics fraction. The temperature reactivity coefficient for 
the fuel density is negative for low transuranics fractions and increasing continu
ously with transuranics fraction. For transuranics fractions higher than 11%, it is 
positive. It is increasing with transuranics fractions due to reduced influence of 
the absorptions in graphite. The total temperature reactivity coefficient is always 
negative. 

In conclusion, reducing the transuranics fraction in the salt reduces power density, 
but it increases equilibrium critical reactor power considerably. The temperature 
reactivity coefficient is negative and its absolute value is reduced by a factor of 
two by increasing the transuranics fraction from 10% to 20%. 
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Figure 4.17: The equilibrium critical reactor power as a function of transuranics 
salt fraction. 
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Figure 4.18: The Doppler coefficient, the fuel expansion reactivity coefficient, and 
the total fuel temperature reactivity coefficient as function of transuranics fraction. 



114 

4.5.5 Startup of the Molten Salt Transmitter 

The startup procedure of the Molten Salt Transmuter is to add slowly transuranics 
from LWR discharges to the salt without transuranics. The reactor will start 
producing power when the equilibrium critical concentration is reached. This 
concentration is determined assuming that no fission products are present in the 
salt and that the isotopic composition of the transuranics in the salt is equal to that 
of LWR discharges for a core volume of 50 m3 and a fuel volume fraction of 2.3%. 
Then, the critical TRUF3 fraction in the fuel salt is equal to 0,1%. The total flux 
value and the salt power density will be determined by the power subtracted from 
the core. 

For the Molten Salt Transmuter with startup concentrations, the reactivity effects 
are determined. These are: 

1. the Doppler coefficient is equal to +1.1 • 10 ~ 5 £k/K, 

2. the fuel expansion coefficient is equal to -6.4 10_56k/K, 

3. and the net reactivity effect is equal to -5.3 •10_5^k/K assuming that the 
reactivity effects of graphite expansion are negligible. 

The Doppler coefficient is rather positive due to the large content of Pu-239. For 
the equilibrium core, the effect is negative due to the large content of fissionable 
isotopes like Pu-240. On the other hand, the fuel expansion coefficient is negative, 
because the reactor is overmoderated due to the small percentage of transuranics 
in the fuel salt. 

After startup, other actinides and fission products will buildup, which will increase 
the need for a higher transuranics content in-core. The Doppler coefficient will 
decrease and eventually become negative. The fuel expansion coefficient will 
increase and become positive. Overall, the net reactivity effect of a temperature 
increase might remain negative in going from startup concentration to equilibrium 
concentration, but this is not clear on beforehand. 

For other flux values and fuel volume fractions, the effects might be different, 
although we expect that the enrichment and the reactivity coefficients will be quite 
similar at startup. For higher fuel volume fractions, the fuel density coefficient is 
negative for equilibrium concentrations too. Therefore, we expect that the total 
temperature coefficient will be negative from startup to equilibrium operation. 

4.5.6 Discussion of the Results 

Normally, one would design a reactor based on a certain power density. In this 
chapter, a different approach is followed, because our set of codes is not able to 
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work with a fixed power density. This approach has the advantage to show clearly 
the dependencies of the reactor design on three parameters: The flux level, the fuel 
volume fraction, and the transuranics salt fraction. The power density in the salt 
is limited to 1 GW/m3. Power density can be reduced by reducing the total flux 
value (in practice by increasing the salt volume), by increasing the fuel volume 
fraction, and by reducing the transuranics fraction in the salt. However, increasing 
the fuel volume fraction will lead to an increase of the fast flux above 50 keV 
which damages the graphite. For the MSBR, the graphite has to be renewed every 
four years at a fast flux of 4- 1014 cm - 2 s - 1 8 1 . 

For the Molten Salt Transmuter at a power density of 1 GW/m3, the Inventory 
Transmutation Time is between five and ten years, which is a significant reduction 
compared to about 42 years for the ALMR. The minimal reactor power is about 
800 MWt assuming that all noble gases are removed from the core instantaneously. 
When some of the xenon remains in-core, the equilibrium critical core volume and 
reactor power might be considerably larger. 

The main concern for this design is safety. At startup, the reactor is overmoderated 
due to the small transuranics salt fraction, but at equilibrium, the reactor will 
be undermoderated for fuel volume fractions between 2% and 7%. For fuel 
volume fractions smaller than 2%, the equilibrium critical reactor power and 
reactor volume is very large, which seems not practical. So, the fuel volume 
fraction should be larger than 7%. 

4.6 Influence of Uncertainty in Actinide Cross Sections 

4.6.1 Adjoint Calculational Method 

The Molten Salt Transmuter is a reactor which operates only on transuranics. 
Normally, a main isotope in a reactor core would be U-238, for which the cross 
sections are well known. For this transmuter, U-238 is not present at all. Cross 
sections of some important transuranics are not well known. Therefore, the 
uncertainty in the core calculations is expected to be high89. In this section, 
the uncertainty in the equilibrium critical core size due to uncertainties in cross 
sections is studied using the adjoint method. This method i? used to determine 
the influence of uncertainties on the multiplication factor, which can be translated 
to the equilibrium critical core size. By using the adjoint method, the influence 
of uncertainties in all cross sections can be determined by solving the adjoint 
equation. 

The problem for the calculations including density and reactivity determination is 
that these are not determined by one calculation, but by two. First, the densities 
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are calculated, and second, the multi-group flux and the multiplication factor are 
determined. So, an uncertainty in a cross section, translates into uncertainty in 
density, which together with the uncertainty in the cross section translates into 
uncertainty in the multiplication factor. 

The nuclide density is calculated according to the matrix equation: 

AN = b (4.7) 

where A the transition matrix, N_ the nuclide density vector, and b the feed vector 
which is linear with reactor power. Suppose a variation in one element a* of the 
transition matrix. Then, the derivative of the matrix equation to a j becomes: 

aai "Ou o&x oai 

The equation adjoint to equation 4.7 reads: 

A*?L=-W' (49) 

where A* is the adjoint of A, equal to tuo transposed, Nj* is the adjoint function 
which meaning depends on the right-hund side of equation 4.9, and Rj is the 
response function, which is in this case the density of isotope j . To determine the 
meaning of the adjoint Nj*, we take the inner product of Nj* and equation 4.8 
and the inner product oTN_ and equation 4.7 and subtract the results. Then, we 
arrive at: 

dR 
<N,—±>=<Nj*,b> (4.10) 

oN_ — 

So, Nj* is the contribution to the response function Rj per unit of feed. 

To obtain a relation between the response function and the uncertainty in a*, we 
progress by taking the inner product of Nj * and equation 4.8 and the inner product 
of dK/ddi and equation 4.9 and subtract the results: 

-<$•§>- • <-> 
and use < i V , A f = > = < A'JV,*, | = > to obtain: 

0 A m r dRj dN 
da- dN'dai 

< Nj*, ^-K > - < ~ , ^ = >= 0 (4.12) 



4.6. INFLUENCE OF UNCERTAINTIES 117 

The differential of the response function it, to a* can be written as: 

dRj . ORj , T dh . dRj , T dN dRj dó tA„ 
— - — [ — - r —=• - I - ( — - ) - = H -—— ( 4 1 3 ) 
doti K dh} dai ydN} d<*i d$ ddi K } 

where h is the "realization function" which selects the appropriate nuclides i for 
the response function when fn is one. So, the first term represents the direct effect 
of change of a* on the response function, which is zero when the response function 
is the density itself. The last term is the direct influence of flux on the response 
function, which will be zero for the response functions considered in this section. 
So, using equation 4.12, equation 4.13 becomes: 

£-<*.£*>• 
Equation 4.14 gives the relation between an uncertainty in an element c*j of the 
transition matrix and the uncertainty in the response function Rr Using first-order 
Taylor expansion, this uncertainty can be expressed by*: 

^*S,A (4.15) 
Rj a{ 

where Sij is the relative sensitivity coefficient given by: 

s^i<K^K>- (4,6) 

In this section, the response function Rj is the density of isotope j . Then, the 
fractional mean squared error FMSE of k^ due to uncertainties in the cross 
sections of all isotopes is determined with the uncertainty in the densities by: 

FMSE2 = y{t^zM^ilÉM^Rf. (4.17) 
i=l 

»oo 

4.6.2 Method Verification 

The adjoint method is verified by comparing the results of a direct and an adjoint 
calculation of the influence of a variation in one cross section, in this case, the 
capture cross section of Pu-239. The density changes for the forward calculations 
are obtained by comparing the results with a set of cross sections for the Molten 
Salt Transmuter and the results with the same set except fc- a 10% increase of the 
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Pu-239 capture cross section. The result for the adjoint calculation are obtained 
using equation 4.15 for a 10% uncertainty in the capture cross section of Pu-239. 

Table 4.2 shows that the results for the forward calculation and the adjoint calcu
lation are in reasonable agreement. The differences are caused by the first-order 
approximation used in deriving equation 4.15. 

The adjoint calculations overestimate the changes in densities by about 3%, the 
change in koo is overestimated by 1.4%. Note that an increase in the capture cross 
section of Pu-239 leads to a decrease in Pu-239 density and an increase of all other 
densities. 

Table 4.2: Nuclide density changes for the forward calculation and adjoint calcu
lation of a 10% increase of the capture cross section for Pu-239. 

1 

Isotope 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Cm-244 
Cm-246 

Koo 

change [%] 
Forward 

-3.51 
2.86 
2.47 
1.82 
1.69 
1.69 

-1.43 

Adjoint 
-3.62 
3.01 
2.59 
1.87 
1.73 
176 

-1.45 

relative 
difference [%] 

3.1 
5.2 
4.9 
2.7 
2.4 
2.4 
1.4 

4.6.3 Reactivity and Core Size 

Two sets of cross section uncertainties were applied to the calculation of the 
uncertainty in the multiplication factor. The first set was the low uncertainty case 
with 5% uncertainties in the cross sections of the uranium and plutonium isotopes 
and 10% for all other actinides. The high uncertainty case used 10% for the 
uranium and plutonium isotopes and 50% for all other actinides. The influences 
of uncertainties in cross sections on the infinite multiplication factor are presented 
in table 4.3 per isotope for the most important isotopes. The signs of the presented 
numbers are related to a cross section increase. 

In going from the low uncertainty set to the high uncertainty set, the uncertainties 
in koo are about a factor of two higher for the plutonium isotopes, but much 
higher than five for other isotopes. This is probably due to the high uncertainties 
which invalidates the first-order perturbation approximation. Clearly, this is the 
case for the uncertainty calculation due to fission in Cm-245. A higher fission 
cross section should always have a positive reactivity effect, but for a five times 
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higher uncertainty the reactivity effect is negative, because the Cm-245 density is 
decreased linearly, which means that for a 50% increase in fission cross section 
the density is almost halved. For such a large density effect, the first-order 
approximation is invalid. 

In table 4.4, the fractional mean squared errors are presented for the two sets. 
The results of the direct variation, the influence on k^ due to the change in cross 
section, and the indirect variation, the influence on koo due to the change in isotope 
densities, are presented also. The fractional mean squared error FMSE due to the 
direct and indirect effect are approximately equal, but much higher than the total 
fractional mean squared error. This is due to the fact that the indirect effect partly 
cancels out the direct effect. For instance, an increase in the capture cross section 
of Pu-239 causes the density of Pu-239 to decrease, and therefore the effect of 
the increase in cross section on k^ is partly canceled out as is shown in table 
4.2. The uncertainty in the equilibrium critical core volume due to the uncertainty 
in the k^ can be determined with the relation between volume and the effective 
multiplication factor. 

Table 4.3: Influence of uncertainties in cross sections on k^ for the low and high 
uncertainty set for the most important isotopes. 

Isotope 

Pu-239 
Pu-241 
Am-243 
Cm-244 
Cm-245 

Afc/fc [%] 
Low Uncertainty 
Capture 

-0.73 
-0.68 
+0.05 
+0.02 
-0.22 

Fission 
+0.72 
+0.65 
+0.02 
+0.11 
+0.12 

High Uncertainty 
Capture 

-1.43 
-1.34 
+1.61 
+1.06 
-1.05 

Fission 
+1.38 
+1.22 
+0.09 
+0.48 
-1.47 

The effective multiplication factor is the product of k^ and the non-leakage 
probability PNL- According to one-group diffusion theory, this probability is 
equal to": 

p = L__^ (4.18) 

where L is the diffusion length. The geometrical buckling B2
g for a bare cylindrical 

core with core height H and core radius R is given by": 

B] = (^f + (V-^)\ (4.19) 

where v$, equal to 2.405, is the smallest zero of of the zeroth order Bessel function1'. 
We neglected the extrapolation length to be added to the height and radius. This 
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Table 4.4: Influence of uncertainties in cross sections on k^for the low and high 
uncertainty set for the most important isotopes. 

Variation 
Direct 

Indirect 
Total 

FMSE [%] 
Low Uncertainty 

2.4 
1.8 
1.4 

High Uncertainty 
8.3 
7.3 
3.9 

extrapolation length accounts for the fact that the flux at the core boundary is not 
exactly zero and is equal to 2D, with D the diffusion coefficient equal to about 1 
cm for graphite in a purely thermal spectrum ". 

R and H are inversely proportional to Bg, and the volume of a bare cylindrical core 
is inversely proportional to the third power of Bg

n. For an effective multiplication 
factor of one, the relation befween Bg andkoo is: 

B9 = Z(*oo - 1)1 / 2- (4.20) 

If the uncertainty in the diffusion length due to uncertainties in cross sections is 
neglected, the uncertainty in the equilibrium critical core volume due to Ak is 
equal to: 

V±AV 
(1± 

Afe 
k<x) 1 

- 3 / 2 (4.21) 

This result is used to calculate the uncertainty in the volume for the Molten Salt 
Transmuter. The influence of the reflector is neglected and a k^ of 1.1 was 
assumed, which is the koo for the Molten Salt Transmuter at a total flux of 3-1015 

c m - 2 s ~ \ a fuel volume fraction of 2.3%, and a transuranics fraction of 20%. The 
results are presented in table 4.5. 

Table 4.5: Maximum increase and decrease in the equilibrium critical core volume 
of the Molten Salt Transmuter due to uncertainties in the cross sections. 

Uncertainty Set 
Low 
High 

Max 
+25% 

+110% 

Min 
-18% 
-39% 

Due to the small k^ and the relatively large uncertainty in k^ , the uncertainty in 
the equilibrium critical core volume is large. The same uncertainty holds for the 



4.7. CONCLUSIONS 121 

equilibrium critical power. It is clear that the assumed uncertainties in the data for 
the transuranics is too high to predict the behavior of the Molten Salt Transmuter 
with reasonable accuracy. 

4.7 Conclusions 

The Molten Salt Transmuter is developed in this chapter because it is ideal as a 
transuranics burner due to the continuous fueling and reprocessing capabilities, 
the reprocessing technique based on a reduction process, and the low content 
of fission products. The low content of fission products is of major importance 
because the infinite multiplication factor is close to unity for the equilibrium isotope 
concentrations. Assumed was that xenon gas leaves the reactor immediately after 
production, which reduces the neutron absorption rate in the fission products 
by almost a factor of two. All fuel is reprocessed within 10 days to reduce the 
concentration of fission products further. Still, the maximum infinite multiplication 
factor for a thermal molten salt transmuter is only about 1.1 leading to a large 
equilibrium critical core size. Thermal reactor operation on only transuranics is 
possible for total flux values between 1014 c m _ 2 s _ 1 and 1015 c m _ 2 s _ 1 . 

The equilibrium critical reactor power depends strongly on the flux level of which 
the maximum value is completely determined by the maximum power density 
allowed in the salt. For a power density of 0.5 GW/m3 which is equal to the one 
for the Molten Salt Breeder Reactor designed by ORNL, the flux level is equal 
to 5- 1014 cm~ 2 s - 1 and the equilibrium critical reactor power is about 800 MWt 

. It is shown that due to uncertainties in the cross sections of the transuranics, 
the reactor power might have been under- or overestimated by a factor of two, for 
uncertainties up to 50%. Uncertainties in cross sections should not exceed 10% 
for accurate reactor design. 

The molten salt fuel was also chosen to make a negative fuel temperature reactivity 
coefficient possible by overmoderating the reactor. Due to the high cross sections 
of the plutonium isotopes, overmoderation can only be achieved for fuel volume 
fractions smaller than 2% leading to high core volumes or for fuel volume fractions 
higher than 7% for which the reactor spectrum is much harder than for lower fuel 
volume fractions. In equilibrium, the Doppler coefficient is always negative. For 
startup, the reactor is overmoderated and the fuel temperature reactivity coefficient 
is negative even though the Doppler coefficient is positive due to the large con
centration of Pu-239. Of course, these reactivity coefficients are determined by 
the energy-dependent cross sections. For many isotopes important for the Molten 
Salt Transmuter, the data is very scarce, and the discussed results have very large 
uncertainties. 





Chapter 5 

Final Conclusions and 
Recommendations 

To make possible-the reduction of nuclear waste transuranics, two requirements 
must be met: 

1. The losses in reprocessing should be smaller than 0.5%. In this thesis, it is 
assumed that these low losses can be obtained. 

2. Special burner reactors should be operated at the end of the nuclear era to 
reduce the transuranics inventory. Up to then, one may use the transuranics 
in commercial power plants, which will significantly reduce the growth of 
transuranics. 

A major part of this thesis deals with the design of special transuranics burners. 
An important conclusion is that no uranium should be present in the burner reactor 
in order to maximize the burned amount of transuranics per unit of energy. Fur
thermore, the specific power should be high to obtain a short reduction time for 
the transuranics inventory. 

Two important issues result from reactor operation without uranium. First, fis
sioned material is not replaced by the fissile material formed by neutron capture 
in fertile uranium; this leads to a large reactivity loss during a cycle. Second, 
the Doppler coefficient which results from the broadening of neutron absorption 
resonances will be very different, thereby changing the reactivity feedback. Both 
issues might have serious implications on the safety of the design. 

123 
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In this work, two reactor designs have been studied for burning transuranics: 
1- A standard fast reactor operated in batch mode with a solid fuel and liquid 
sodium coolant, 
2- A Molten Salt Transmuter, operated on a molten salt fuel with continuous 
refueling and reprocessing. 

For the designed fast reactor, a large portion of uranium was necessary. The 
presence of uranium in the fuel reduces the burning efficiency of this reactor 
type considerably. Still, the bumup reactivity loss during a cycle was large in 
order to obtain a large net burnup of transuranics. This high reactivity leads to a 
high reactivity control requirement, which is in contradiction with modem safety 
philosophies of passive safety. However, other safety implications are positive: the 
sodium void worth is reduced, and the coolant outlet temperatures for Anticipated 
Transients Without Scram are lower than for standard fast reactors. 

The molten salt reactor is able to transmute transuranics at a rate four times higher 
than the ALMR burners. The bumup reactivity loss of the molten salt reactor is 
zero by definition. Operation as a thermal reactor is possible when the fission 
products are continuously removed. An additional advantage of using a fuel salt is 
that xenon can be removed easily due to its low solubility in the fuel salt. A negative 
temperature reactivity coefficient for the fuel density could only be obtained for 
fuel volume fractions below 2%, which makes the equilibrium critical reactor 
power and volume impractical. A negative temperature reactivity coefficient for 
the fuel density could also be obtained for fuel volume fractions higher than 7%. 
Then, the reactor is more or less a fast reactor. The increased fast ffuence will 
make graphite exchange more frequent. A complete safety analysis of the Molten 
Salt Transmuter is yet to be performed. 

Considering the follow up óf this thesis, we recommend that the safety and the 
economics of the Molten Salt Transmuter are studied further. Especially of concern 
is the safety at start up of such a reactor. 

The Molten Salt Reactor is not the only reactor type with continuous refueling. 
Other reactors to be considered in a follow up study are the suspension reactor, 
the CANDU reactor, and the High Temperature Gas Cooled Reactor (HTGR). The 
suspension reactor is of special interest to the Netherlands because of our history 
in the development of such a system, which resulted in the Kema Suspension Test 
Reactor. The CANDU is a commercially operated design developed in Canada. 
The use of inert matrices with transuranics seems to be possible for this design. 
It is yet to be proven that safety is sufficient and reprocessing is possible or that 
reprocessing is not necessary. The HTGR is a reactor operated with a helium 
gas as coolant and graphite as moderator. For the HTGR, reprocessing is very 
difficult because of the special graphite encapsulation of the fuel grains. This 
encapsulation is very hard to remove. The HTGR seems to be a viable burner 
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option when reprocessing is not necessary. A high transuranics burning rate can 
only be obtained at a very high bumup. 

For fast reactors, the possibilities of designs without continuous refueling are not 
fully researched yet. The application of inert matrices in conjunction with burnable 
poisons might facilitate a non-fertile design with only a small reactivity change 
during a cycle. 
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Appendix A 

EQUI: Calculation of 
Equilibrium Actinide 
Densities 

A.1 Calculational Method 

For each isotope in the nuclear fuel cycle, the change in density is described by the 
difference in production and loss of this isotope. Each actinide isotope is produced 
either by decay of the mother or by neutron interaction in an isotope which will 
produce the isotope studied. Loss is caused by decay, by neutron absorption, or 
by loss in reprocessing. The loss of the isotope depends on the isotopic density 
of this isotope itself and the production depends on the isotopic density of other 
isotopes. When the densities of some isotopes are constant from cycle to cycle the 
densities of all the other isotopes will reach saturation values as soon as the loss 
will be equal to the production (equilibrium). 

A special code EQUI has been developed for the calculation of equilibrium den
sities. To obtain the basic equations used in EQUI, several assumptions were 
made: 

1. Constant cross-sections, which are independent on the problems calculated 
(no self shielding anomalies), 

2. One cycle exists of three years in core and three years ot cooling and 
reprocessing, 
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3. Linear behavior of the isotopic densities during a cycle, 

4. Constant loss of isotopes during the out-of-core periods to account for 
reprocessing losses, 

5. Constant flux during in-core periods, 

6. Exponential behavior of the basic fuel isotopes U-235 and U-238, during 
the in-core periods (nó influence of other isotopes), 

7. The same beginning of cycle (BOC) mass for each cycle for U-238. 

Two periods were distinguished: the irradiation period, in which the nuclides are 
in-core, and the cooling period, in which cooling and reprocessing take place. 
Then, two differential equations are obtained. 

/IN N 

irradiation : - p = ]T(Aji + <l>(t)(Tji)Nj(t) - (A* + <f>(t)afbB)Ni, (A.l) 
{Jul* 

j = i 

JN N 

cooling : - ~ = ^XjiN^t) - XiN^t) - OiNi(t), (A.2) 
(juts 

3=1 

where <f>(t) is the time dependent flux, Uji is the cross-section for producing 
nuclide i by neutr >n capture in nuclide j , afbs is the absorption cross-section, A;i 

is the decay constant for decay from nuclide j to i, and a* is the loss rate during 
reprocessing. If one assumes a linear dependence on time of the isotopic densities 
as well as a constant loss rate, a constant flux and constant cross-sections, jhe 
equations A.l and A.2 may be integrated to obtain the mean isotopic densities N{. 
Then, the following difference equations are derived. 

N 

&Ni\trad = Yjifaa + *jiWitrad ~ (Ai + (f>a?a)NitTad, (A.3) 

JV 

&Ni\tCOoi = £*jJïj~tcooi - (At + ai)Nltcool. (A.4) 
j=i 

In these equations, tTad and'£cooi are the durations of the irradiation and cooling 
periods. Equations A.3 and A.4 are added up and for equilibrium, ANi\trad and 
AiVj|tc<J0, have to be equal, but of opposite sign, thus: 
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N N 

(ditcool + \Uot + <l><rtbStTadWi = Y^ fajiNjtrad + J Z A i ^ * * ° * " ( A ' 5 ) 

j=l j = l 

First, the behavior of U-235 and U-238 will be considered. For these nuclides, the 
production by decay and neutron interactions by other nuclides was assumed to be 
zero. U-235 is only produced by decay of Pu-239 with a half life of 2.4-104 years. 
So, in six years, only a fraction of 1.7-10"4 of the Pu-239 decays to U-235. U-238 
is produced by decay of Pu-242 with a half life of 3.8-105 years and by neutron 
capture in the short-lived U-237. Tli^se nuclides hardly influence the U-238 mass. 
Also, the half lives of U-235 and U-238 were assumed to be infinite (both are of 
the order of 109 years). Then, equation A.l may be integrated immediately for 
U-235 and U-238: 

Ni(t) = Ni(0) exp(-<K^)- (A.6) 

The production by U-235 and U-238 is given by integration of these equations 
when multiplied by the neutron cross-section of the production path of interest. 
Equations for the production P of U-236 , U-237 and U-239 are: 

P{5U ^ 6 U) 

P(8U ^ 7 U) = 

P{8U ->9 U) 

A special case is Am-241. Neutron capture gives two states for Am-242. A 
ground state which decays quickly to Cm-242 (82.7%) and Pu-242 (17.3%) and 
a metastable state which decays to the ground state with a half life of 152 years. 
According to reference 91, about 15% of the metastable state is formed by capture 
in Am-241. In ORIGEN-S, approximately 16% of the metastable state is formed 
by capture in Am-24182. 

In EQUI, an iteration processor is available to obtain the user-specified k^ at the 
end of cycle and/or the burnup at end of cycle by varying the density of specified 
nuclides and the total flux value. 

The total and alpha activities and the radiotoxicity for ingestion and inhalation 
according to both the ICRP92 and ISH standards93 are calculated for the fuel and 
the waste as a function of time according to equation A. 10: 

g 11 ~ exp(-0aakat rod)), 
abs 

NsW^2n (1 - exp(-0<7®6s*rod)), 
aba 

g £(1 - e\p{-(f>(7lb3tTad))-
abs 

(A.7) 

(A.8) 

(A.9) 
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N 

Z(t) = Y,NiZM <A-1 0> 

Here Zi(t) is the activity or radiotoxicity Z of nuclide i and its daughters as a 
function of time. At t=0, the contributions of the daughters to Z are zero. The 
activity and radiotoxicity of the fuel, the losses, and the added mass are calculated. 

In EQU1, the energy H produced during a cycle is calculated by multiplying the 
number of fissions during the irradiation with the energy production w\ per fission 
of nuclide z, as given in equation A.l 1 

N 

H = ^W^Uad^Wi + H(8U) + H(5U). (AM) 
t = l • 

The energy produced in U-235 and U-238 is calculated using the time dependence 
of the density of these nuclides. The result is shown in equation A. 12 

H(5Uor8U) = ; f ' (1 - exp(-<K6s*rad)). (A.12) 

The energy produced by neutron capture (about 10 MeV per capture) is neglected 
because w%j is approximately 200 MeV. 

The fcoo at BOC and EOC due to the actinides is calculated according to equation 
A. 13: 

E l l i Vi°)Ni 
fcoo = __ iv ; : ^TTT' (A. 13) 

with vi, the number of neutrons released per fission in nuclide i and JV, the isotopic 
densities at BOC or EOC. At BOC, the isotopic density is approximated by (1-
la>itcooi)Ni and at EOC, the isotopic density is approximated by (l+\aitcooi)Ni. 

A.2 Cross Section and Decay Data 

In table A.l, the cross-sections and the half lives of the relevant nuclides are 
presented. Cross-section data forEQUI were obtained from reference30 (the PWR-
U reactor type). These data were selected to obtain maximum traceability. The 
half lives were obtained from reference 82. 

Also the (n,2n) reaction in U-238 is considered, with a value of 0.005 barn82. The 
amount of neutrons per fission, i/, and the corresponding energy production per 
fission in MeV, w/, were obtained from reference82. 
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Table A.l: Half lives and cross-sections for the nuclides for an LWR. 

nuclide 
U-234 
U-235 
U-236 
U-238 
Np-237 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Am-241 
Am-242m 
Am-243 
Cm-242 
Cm-243 
Cm-244 
Cm-245 
Cm-246 
Cm-247 

half-life [y] 
2.45105 

2.346-107 

2.142106 

87.81 
2.408104 

6541 
14.71 

3.7605105 

432.49 
151.99 

7385 
0.4471 
28.52 

18.123 
8505.8 
4733.3 

1.56M07 

o"coP [b] 
19.2 
10.5 
7.54 
0.9 

32.1 
34.7 
58.6 
104 

38.7 
29.4 

111.5 
155 
38 

5.48 
9.92 
3.44 

184.0 
1.32 
13.3 

v/is [b] 
0.45 
46.7 

0.197 
0.1 

0.52 
2.46 
106 

0.58 
118 

0.46 
1.32 
770 
0.36 
0.22 
97.6 
0.85 
172 

0.49 
9.36 

V 

2.42 
2.42 
2.75 
2.82 
3.01 
2.82 
2.87 
3.12 
2.93 
3.13 
3.21 
3.21 
3.21 
3.36 
3.36 
3.36 
3.35 
3.35 
3.35 

wf [MeV] 
190.3 
192.9 
191.4 
193.9 
193.6 
196.9 
198.5 
196.9 
200.3 

200 
200 
200 
200 
200 
200 
200 
200 
200 
200 

A.3 Program Description 

A short description of the program and the subroutines used is presented in this 
section. 

Subroutines and their functions: 

• INPUT: data preparation from input file CHAIN JNPUT. Reading isotopes 
and half lifes and daughters. Reading all possible cross-section data sets 
which are available in the file. Reading selected data: fission cross-section, 
energy production per fission, neutrons per fission, capture cross-section 
(the subroutine assumes that the product of capture is the next isotope in 
the chain), and finally cross-sections for other reaction types. After that all 
sets of BOC masses plus the options on exponential behavior, which are 
available in the file are printed as well as the input data to be selected. 

• PRODUCTION: calculation of the production of isotopes by isotopes with 
fixed exponential behavior (equations A.7, A.8 and A.9) 
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• MATRIX: preparing equation A.5 for all isotopes for which equilibrium 
densities are needed. 

• I .UDCMP of reference 59 calculating the triangular factorization of the 
coefficient matrix A. 

• LUBKSB of reference 59 calculating the solution of the triangular factor
ization of matrix A. 

• OUTEQ: calculating and printing in file OUTPUT all possible functions: 
isotopic masses at BOC and at EOC, energy production per isotope per 
cycle, burnup, total masses of MA and of plutonium isotopes and of all 
actinides, fc,» at BOC and at EOC, total and alpha activity of fuel and waste 
as calculated by ACTIV and radiotoxicity for ingestion and inhalation of 
fuel and waste as calculated by DOSE. 

• DOSE: radiotoxicity for ingestion and inhalation according to ISH or ICRP 
for 1, 3, 10, 100, 200, 1000, 104, 105, 106 and 107 years of decay. The 
daughters have zero mass at discharge. The radiotoxicity is calculated from 
the isotopic density array. 

• ACTIVITY: total and alpha activity for 1, 3, 10, 100, 200, 1000, 104 ,105 , 
106 and 107 years of decay. The daughters have zero mass at discharge. 
The activity is calculated from the isotopic density array. 

Commands of the main program EQUI: 

1. Calling INPUT 

2. Input of several parameters: losses, fiux/burnup, in- and out-of-core period. 

3. Calling MATRIX, PRODUCTION, LUDCMP and LUBKSB 

4. memorizing isotopic densities 

5. calculation of k^ (ETA) and burnup (MASSHEAT) 

6. adjustment of flux and mass of specific isotopes to obtain fixed burnup 
and/or koo at EOC (if asked) 

7. recalculation with new flux and densities (if asked) 

8. calling OUTEQ 
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A.4 Verification of EQUI 

A.4.1 Nuclide Densities 

Table A.2 presents the end of cycle (EOC) masses for the once-through scenario 
as calculated by EQUI with the cross sections of Croff, and compared to results 
of Croff calculated with ORIGEN30. In EQUI, the k^ at EOC was 1.2, which is 

Table A.2: Mass of nuclides at EOC for the once-through scenario per 1000 kg 
heavy mass at the BOC. 

nuclide 

U-234 
U-235 
U-236 
U-238 
Np-237 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Am-241 
Am-243 
Cm-242 
Cm-244 
Total Pu 
Total TRU 
Total MA 
Total ARA 
Total 

mass at EOC [kg] 
EQUI 
0.174 
8.87 
4.65 

944.9 
0.408 
0.147 

6.24 
1.42 
1.21 

0.450 
0.069 
0.114 
0.012 
0.055 
9.47 

10.20 
0.729 
15.02 
964.1 

Croff 
0.180 
7.94 
3.94 

944.1 
0.441 
0.127 

5.03 
2.32 
1.22 

0.461 
0.031 
0.085 
0.011 
0.019 
9.16 
9.75 

0.587 
13.87 
967.7 

the same as the k^ for the EOC mass of the actinides according to Croff0. The 
same burnup of U-238 as Croff was obtained at a flux of 3.76-1013 cm~2s_1. The 
same burnup of 33 MWd/kg(HM) was used. In general, the results seem to be in 
reasonable agreement. Exceptions are: 

1. U-235 mass at BOC is 36.9 kg for EQUI compared to 32 kg for Croff due 
to the higher flux needed to obtain the same burnup of U-238 as Croff. 

2. The Pu-240 mass is underestimated. 
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3. Cm-244 is overestimated. 

The burnup is lower for EQUI at the same flux level, due to the buildup of especially 
Pu-239. In EQUI, it is assumed that Pu-239 builds up linearly, which is not the 
case in a once-through system. So, the average density of Pu-239 calculated by 
EQUI is lower than for the once-through system, and the energy production by 
Pu-239 is underestimated. The reason why the flux had to be higher to obtain the 
same burnup of U-238 is not clear, because the same cross sections were used. 

In table A.3, the nuclide densities for the total recycling scheme are presented 
calculated with EQUI and with ORIGEN-S with continuous concentration of U-
235 and U-238. The same ORIGEN-S cross-sections were used. The ORIGEN-S 
calculations was 15 cycles long with recycling of all actinides. The ORIGEN 
results are separated in BOC, EOI and EOC. Here, EOI means at the end of the 3 
years of irradiation and EOC means after 3 years decay. For total recycling, the 
EOC masses are the same as the BOC masses of the next cycle. So, if the BOC 
and EOC masses are not the same, these nuclides did not reach their equilibrium 
masses yet. 

The following discrepancies for the total recycling calculations were observed: 

1. For the following nuclides, the BOC masses of two following cycles were 
not the same as calculated by ORIGEN-S: U-236, Np-237, Pu-238, Cm-246 
and Cm-247. Differences between EQUI and ORIGEN for these nuclides 
are probably caused by the fact that these nuclides are not in equilibrium 
after 15 cycles in the ORIGEN calculation. 

2. The Cm-242 mass calculated by EQUI is equal to the EOI mass of ORIGEN. 
This is probably caused by the linear approximations in EQUI, which is not 
correct for short-lived nuclides. 

3. The Am-241 mass in EQUI is approximately equal to the average mass 
in the ORIGEN case, probably due to the decay of Pu-241, which is only 
present in EQUI by taken an average during the whole cycle, including the 
cooling time. 
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Table A3: Equilibrium masses of nuclides for total recycling calculated by EQUI 
compared to ORIGEN-S calculations with the same ORIGEN-S cross-sections. 

nuclide 

U-234 
U-235 
U-236 
U-238 
Np-237 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 
Am-241 
Am-242m 
Am-243 
Cm-242 
Cm-243 
Cm-244 
Cm-245 
Cm-246 
Cm-247 
Total Pu 
Total TRU 
Total MA 
Total RAA 
Total 

EQUI 

0.49 
32.0 
48.7 

968.0 
9.56 
8.14 
6.68 
4.01 
2.02 
2.16 

0.154 
0.00523 

1.64 
0.0517 

8.2810 -4 

3.01 
0.337 

2.47 
0.157 

23.0 
40.4 
17.4 
89.6 

1089.6 

Mass 

BOC 
0.524 

32.0 
45.8 

968.0 
8.91 
7.27 
6.52 
4.13 
1.71 
2.14 

0.339 
0.0031 

1.64 
5-10"4 

9.210"4 

2.76 
0.340 

1.44 
0.086 

21.8 
37.4 
15.6 
83.7 

1083.7 

:kg] 
ORIGEN 

EOI 
0.364 

32.0 
46.5 

968.0 
8.98 
7.48 
6.50 
3.82 
1.98 
2.16 

0.082 
0.00317 

1.65 
0.051 
0.001 

3.13 
0.345 

1.54 
0.093 

21.9 
37.7 
15.8 
84.6 

1084.6 

EOC 
0.54 
32.0 
46.5 

968.0 
9.06 
7.38 
6.57 
4.15 
1.72 
2.16 

0.343 
0.00313 

1.65 
5-10~4 

9.310 - 4 

2.79 
0.345 

1.54 
0.093 

22.0 
37.9 
15.9 
84.9 

1084.9 

A.5 Conclusions 

For most cases, the results of the program EQUI and ORIGEN with continuous 
feeding of U-235 and U-238 are in agreement with each other. Except for a few 
isotopes, EQUI can produce good results for the once-through case. Especially 
for Pu-239 and the higher curium isotopes, the results were different, because this 
program was developed to calculate equilibrium concentrations. The results for 
the total recycling case with constant U-235 and U-238 concentrations are in good 
agreement. 
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