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ABSTRACT 

A new fission reactor system with passive safety characteristics to eliminate 

the ommence of loss-of-eoolant accidents, d u c e  reactivity excursion effixb, and 

wbich also provides for closure of the nuclear fuel cyde t b u g h  on-site spent fuel 

management is emnaiined. The concept uses multi-coated fuel pellets which are 

suspended by an upwarà moving cmlant in vertical columns of the reacbr core and 

e lec tro-rem elemental separation to remove selected fission products prior to 

acfinide recyciing. 

The possibility of fuel melt following a l~ssa~coolant is avoided as a decrease 

in codant flow results in the removal of fûel h m  the core through the action of 

gravity alone. Average fluid velocities in the columns which are necesaary to suspend 

the pellets are calcdated and found tn be consistent with the necessary heat extraction 

to yield -1-10 MW,, per column. The total output power of such suspended pellet-type 

reactors is compared to the power necessary to provide the suspending fluid flow, 

yielding favourable ratios of -1 o2 - 1 0'. 

The reduction of reactivity excursion tendencies is envisageci through an 

ablative layer of materiai in the pellets which sublimates at temperatures abme 

normal operating conditions. In the event of a power or temperature increase the 

particles migrnent and thereby change their hydrodynamic drag characteristics, thus 

leadhg to fuel removal fram the am by eIutriation. Cornparison of nuclear-*thexmai 

response tirnes and elutriation rates for Mting power transie- indicate that the 

present design assists in feacfivity excursion mitigation 



C!os.üïï ûf eh ~-;2!ea- f i i l  qck is a t d d  thrîgh a speilt h e l  nimagement 

strategy which requires ody onîite storage of a fraction of the fission pmducts 

produced during reactor operation. Eleclm-refïning separation of selected fission 

products combinecl with complete actinide recycling yields no isolation of plu~nium 

or highly enriched uranium during the pmcedure. The out-of-core waste s t m a m  has 

a signiticantly reduced radioactivity, volume and lifetime oompared to the oncethrough 

waste management strategy and thus provides an alternative to Iong-term geological 

disposal of fission reactor wastes. 

The Pellet Suspension Reactor concept possesses some unique operating 

characteristics and, additiody, is shown to be similar to conventional fission reactors 

in terms of common performance features. 
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Chapter 1 

Introduction and Context 

The generation of electrical and thermal energy for avilian use through the 

bssioning cf heavy nuclei such as d u m - 2 3 5  h, existed for approrimately 40 

years. During the past few decades, howwer, a number of events have occurred which 

have substantially inhibited the original projWections for the expansion of the fission 

energy enterprise. In fact, the view oRen adopted is that the global nuclear power 

industry may not be able to continue to grow, or even maintain its present size, 

without significant change. This intmductory ehapter sketches some of the reasons for 

these ciramstanees and places into eontext one potential path that d d  be pursued 

in the future - a new reactor core concept and fuel management strategy. Selected 

considerations of this reactor system constitute the focus of this work. 

1.1 Fission Energy Fundamentale 

The fissioning, or splitting, of sel- heavy nuclei was fvst reported by Otto 

Hahn and Fritz Strassman late in 1938. A few weeks later, the correct themetical 

explanation - and the naming of the prucess - was provided by Lise Meitner and Oao 

Frisch (Rr,van 1992). Fission can occur spontaneously in some nuclides, or is the 

result of an interaction between the nuclide and a neutron The dominant process in 

most of today's nulea. power plants is fission induced by a thermal neutron, 
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Depend* upon the energy of the incident neutron, n, and the type of fissile nucleus, 

f i ,  the average number of neutmns released per fission, v, varies from approximately 

two to three. The reaulting fission pmductç or fragments, P, and P, . dong with 

neutrinos, gamma rays, and orxasionally othexs are the important products h m  each 

event. The reaction Q-value, 8, ais0 depends upon the type of fissile nucleus and 

incident neutron energy, but typically varies h m  190-200 MeV. 

The neutrons emitted are of a much higher energy than those which commoniy 

induœ s u d i  &sion and h e m  rae slowed d o m  with the use of a neutron modeniting 

medium. Collisions between the highenergy neutrons and the nuclei of moderator 

materials, such as water or graphite, cause a reduction in neutron eaergies to thermal 

values. During this slowing d o m  process some neutrons are inevitably Zost h m  the 

fission domain due to leakage h m  the system and by parasitic capture in other 

nuclides. However, on average, one of the emitted neutrons m a i n s  to act as a chain 

carrier - a neutron that induces another fission event in a properly configured reactor 

core so that the fission chah reaction continues as long as there is sufficient fuel 

present and the reaction is desired. 

A fissile fuel arrangement in which the chain reaction continues unchanged is 

said ta be critical. An assembly in which the neutron population decays over time is 

refened to as subcriticai, while one in whieh it iaæases - potentidiy without bound - 
is termed supertriticai. The neutron multiplication factor, k is used for sueh neutron 

armunting, and is defîned as the ratio of the number of neuhons in one "genemtion" 

to the number in the preceding "genemtion'". Thus, a criticai system has k = 1, while 

in a subcritical systexn k c 1 and in a supermitid system k > 1. A related quantitly 
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is the m t y ,  p, used to describe the relative deviation from cnticality and defineci 

bY 

A furtha quanti@ of ecwmon utiliw in nuclear fission systems is the neutron flux, +,, 
which is the energy integrated pmduct of the neutton number density, N, and the 

neutron speed, v,. 

The most common fissile isotope used in reactors today is =u. Uranium, as 

found in nature, consists of - 0.7% w, 1 99.3% zaa u and h, quantities of " U. 

Since is fissionable by high energy neutmas but acts primarily as a parasitic 

capturer of neutrons at t h d  energies, this low hsile isobpic ratio is sufEcient for 

only a few reactor systems ta achieve criticaiity. It is often necessary to use higher 

ratios of to mi U in which case it is illcreased through isotopic sepmtion 

techniques. Uranium with ita fissile content immaseà with respect to its mtural form 

is said ta be enriched, the enrichment, 5, king the fraction of uranium atorns which 

are thermally fissile - i.e. W. 

The two fission pmduct nudei P, and P, dBer h m  one fission ment ta the 

next but have well established mass distributions for each fissile isotope (Duderstadt 

and Hamilton 1976). Some of these h i o n  pmducts, dong with theh radioactive decay 

daughters, are highIy radioactive and are one of the main reasons for the need for 

stringent safetsf systems in nuclear facilities. Such systems are al l  ultimately designed 

ta prevent the release of potentidïy dangemus fission pducts and other radioactive 

species to the biosphere by a series of bamiers know mliectively as containment, 

These fission producta, however, also carry the bulk of the energy reieased in 

nuclear fission in the form of kinetic energy, which mRnifests itself in the heatkig of 



the nuclear fuel. The heat produceci is generally amducted through the Euel elements 

to their surface where it is transportmi by convection into a liquid or gas primary 

mht. Following t d e r  to a secondaq coolant system, the heat is used to generate 

steam - the end produet in some systems - which turns a turbine. Subsequently, the 

turbine is connected to an electrical generator to produce electricity. 

Over tirne, the number of fissile nudei in the con will decrease due to fuel 

burnup. This places limits on the length of time a reactor may operate between 

refueliing operations, depending also on the amount of fhel breeding which may occur. 

Fuel breeding is the transmutation of fertile nuclei in the reactor mre, such as =U, 

into fissile nuclei Use ?Pu through neutron capture and subsequent radioactive 

decay, i.e. 

Cantrol and shutdown capabilities in nuclear remtors are otten achieved 

through the use of control rods. These rods are compoeed of highly-neutron absorbing 

materials and when inserted into a reactor core reduœ the number of neutrons 

available to propagate the hain reaction, thereby reducing the reaction rate or 

shutting down the reactor altogether. However, even when shut down, the fissile fùeI 

continus to generate heat -- initially at a rate approximately 6-8s of the previous 

operathg power immediately foilowing a shutdown, and decreasing thereafter - due 

to the radi08Ctive decay of the many fission products produœd while the reactor was 

operafing. This decay heat must continue tn be removed h m  the core to prevent the 

fissile material fiam overheating and possibly melting. Sucb a requirement will be 

referred b many times in s-ent chapters fbr if &el meit occurs, the iimt and one 

of the most effective barrie= to fission product release, Le. the fuel oompound itself, 

wiU have been breeched. 
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More deMed infinmation about nuclear h i o n  and power plants can be found 

in nucl= re-r tm&mks such as Duderstadt and Hamilton (19761, Glasstone and 

Sesonske (19811, or Henry (1975). 

1.2 Global Nuclear Power 

At the end of 1997 there were appn>ximately 430 operating nuclear power 

reactors in the world genetating 4350 GW, with about another 35 more uni& (11130 

GWJ under construction (Nuclear News. Mar& 1998). This amounts to approximtely 

6% of the globaliy instded commercial power generating capacity and about 17% of 

the world's electrical power, the remainder king supplied primarily by fossil fuels 

( c d ,  oil, and naturd gas) and hydro-eIectric facilities. Despite its relatively rapid 

growth onto the globai scene, nuclear fission's installeci capacity - and corresponding 

market share - has levelled off in the past few y e m ,  Figure 1.1. With few new 

reactors being ordereâ or under construction, some projections indicate that the 

fraction of global electrical energy generated by nuclear fission plants may start to 

decrease shortly after the tum of the century. 

The declining fomuie of the civilian nuclear power industry has occurred for 

a variety of cornplex reasons. However. there are many arguments which suggest that 

nuclear fission should remain a part of the global power generation mi9 The 

drawbacks of burning fossil fuels - including the release of gases to the atmosphere 

which contribute to acid rain and the greenhouse &ect - are generally well known. 

Additionally, there are a E t e d  niimber of sites for new hydro-electric fhlit ies,  

commercial power production by nuc1ea.r fusion wïll not likeiy be realized until well 

into the next century, and other methods such as d a r  energy, wind or biomss appear 

unsuited to supply large base loads of eIectricity. It also appears that even with 
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Figure Lk Time-Wry of the total installeci electrical generating capacity of the 

worid's nuclear power plants. (Based on data f h n  Nuclear News.) 
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energy consemation measuies, world-wide energy comumption will continue to grow - 
primarily in developing nations as they industnalize - necessitating that an effort be 

made to ~ e t a i n  fision power as a portion of the world's future supply of electricity 

(Kugeler and Phlippen 1996). It will certainly not be the sole component of a global 

enew strategy, but can be a justifiable and important part of one. However, as 

mentioned, the declining interest in - and public acceptabiity of -- nuclear power d l  

likely continue ûi hamper such an dort. 

1.3 Declinhg Acceptability 

No attempt wiil be made hem to completely explain the various f m r s  that 

have contributed to the reduced support for nuclear fission as a means of civilian 

power genemtion or even to itemize them all; that task in itself is beyond the scope 

of this investigation. Howwer, as a ansequeme of such reduced support, the nuclear 

power indushy ha3 undergone - and continues to undergo - significant changes since 

its beginntngs years ago. 

Civilian nuclear power emerged out of the Atoms-for-Peace initiative. At the 

First International Conference on PeaœM Uses of h m i c  Energy in Geneva in 1955, 

appmrimateiy 100 proposed reacbr types were judged "not obviously impracticai" 

(Cowan 1990; United Nations 1956). Three years later, following the mation of the 

International Atomic Energy Agency (IAEA), there remained a t  least 12 reactor 

systems st i l i  king eonsidered (United Nations 19581, including a Dutch proposal for 

a powder-in-suspension-type reactor (Kreyger et. ai. 1958). Howevet, political 

influences smunding the Cold War, including the 1958 Euratom Accord which 

brought U.S. light water-moderated reaa0r technology to Europe, accelerated ~vilian 

nuclear power development such that it may have occafied too rapidly. There was 
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early recognition that gas-graphite and homogeneous reactor types being developed in 

England, France and 0 t h  couatnes may have been better suited for civiiian power 

production than the military-favoured light water types (Cowan 1990; Felix 19971, but 

generaiiy there was insufficient time and &ort devoted to ail the reactor concepts 

initially identifiecl before an optimal one was s e l d  for the required task. 

More recent influences on fission power include the Iack of resolution of a 

waste sinrage or disposal strategy for spent nuclear fuel, and the view of some that 

there has been insufficient diligence in the implementation of the defence-in-depth 

approach to reactor safety. The defenœ-in-depth approach itself has also came under 

increased smt iny  h m  the "normal accidents" school of thought. Heightening 

regulatory requirements over the years have resulted in an increased number of 

e n g i n 4  safety systems being a part of fission reactors. While intended to raise the 

level of safety at nuclear power plants, this increased redund811cy can also inmease the 

Iikelihood of an unforseen accident (Pe~mw 1984; Sagan 1993). The added interactive 

complexity between a system's components -- since redundant systems are often less 

independent than expected -- and the resulting more opaque safety s e t +  increase the 

chances of a minor component failure causing a major system disruption in a 

previously unfoxseen manner. In addition, such systems tend to be operated "harder 

and fsster", or in more adverse conditions due to the perception of enhanced safety. 

Both the Three Mile Island ~~ and Chernobyl accidents can be characterized by the 

above, and are often cited as examples of " n o d  accidents" in cornplex, tightly 

mupled technological systems such as nuclear reactors CPemw 1984; Sagan 1993). 

Further, such interactive complexity can make testing of individual systern 

cornponents diffidt, or can compromise other mponents during the tests. Cornplex 

safety systems are also prone to inadvertent or malicious operator error - such as 
shutting one or more parta of the system off - and are generally quit. expensive to 
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install and main- This has contributed ta the recognition that while nuclear 

energy bas becorne more cost-competitive with other typeç of power generation, it is 

certainly more erpensive than originally touted. Increased capital costs have also 

occurred due to Iengthy siting procedures and thus longer construction times. The 

inclusion of indirect costa such as environmental effects could ps ibly  help the nuclear 

fision option, especîally when compared to fossil fuel buming, but no consensus has 

yet been reached on how to incorporate such fachrs. 

Nuclear power plants operating in the world today ail use rigid fuel elements 

bound within the reactor core, a concept which generally evolved h m  the military 

subrnarine programs of the 1940's and 1950's amidst the CoId War. The wodd's first 

power mtwinrs were simply scaled-up versions of those o r i g i d y  designed for naval 

applications. This meant that characteristics crucial for subrnarine operation but 

uaxlecessary for terrestrial power plants -- such as k i n g  sufficiently compact to fit into 

the restrictive size of a submarine's hull, being able to deliver power for all 

orientations and movements, and king able to operate remotely for long penods of 

time -- were a part of the early designs, while others such as optimal configurations 

to avoid or elhinate wsible accident scenarios were deemed less paramount. Thus, 

while safety was œrtainly a concern thmughout the design and operation of al1 nuclear 

power systems, many of the fundamentd concepts for tûday's reacton were not those 

demanded h m  a civilian safety perspective (Harms 1996). Since then, many safety 

systems and features have been added, fint to render the reactors usefiù for civilian 

power production, and subsequently to comply wîth heightening safety reguîations. 

However, concepts and designs centred on ensving safe and reliabie operation fmm 

the outset may have conœivably led to better choices for the industry. 

Public opinion of the nuclear power indusizy has developed into a very 

powerful f- cf its own It has been able to cancel plans, delay and stop eonstnrction, 
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and even remove plants fiam sexvice (i.e. in Italy, Juhn and Kupitz 1996). Accidents 

like TM1 and Chernobyl have also for& governments and utilities to fear the 

financial risks and econoxuic consequemes following su& events. These are in 

addition tn the potential human and environmental dangers not befitting what was 

initially touted as a cheap, safe and dean energy source. Above all, the perceiveci la& 

of suffiCient safety at nuclear power plants by the general public appears to be the 

major stumbling block facing the nuclear industry today. 

1.4 Evolution of a Technology 

The evolution of nuclear power follows a fairiy unique path when compared to 

other high-tech industries. For most advances in the technologid realm -- whicb 

must be emphasized as being distinct from p d y  scientinc cases - changes and 

developments are brought about in response to a specific need. These needs today are 

rarely of a firndamental sumival nature, but they must be satisfied if a greater level 

of eomfort is to be achieved in a society's lifestyle. A simple example of necessity 

bringing about technological change is the invention of the wheel to irnprove the 

transportation of people and goods centuries ago (Basalla 1988). 

Once the necessity has b e n  identified, an optimal solution - as  perceiveci at 

the time - is selected h m  a diverse set of options, perhaps distinguished by a novel 

or mlutionary appmach. However, equaiïy o h  it is merely a continual set of minor 

changes to an existiag pmduct or system - in a sense an wolutionary process -- which 

brings about the new technology. Nuclear generating stations, however, did not follow 

either the evolutionary or revolutionary paths alone. 

For nea~ly evexy nation invo1veû wi th  nuclear reacîms, the fïrst ansiderations 

were mititary - propuision systems and in some cases the supply of weapons-grade 
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matexial (Cowan 1990). The £ k t  interest accelerated the development of light water- 

moderated macûm. There was inithiiy little need for electricity generation by nuclear 

means, but there was considerable political influence and pressure to demonstrate a 

peacefd use of atomic energy following the atomic bumbing of Wiroshima and 

Nagasaki in 1945. This was despite the cammon view that energy generation 

requirementa could easily be satisfied by other îuels available at the t h e .  While the 

U.S. military and civilian program were considering several nuclear reactor types for 

fiiture power needs, national prestige and securitty - eg. the race to beat the Soviets - 
dso spurred rapid development in the area. The head s t a r t  given to light water 

W r n  by the military propulsion systems made them the obvious choice for. a civilian 

nuclear power program which demanded rapid implemenfation and high reliability. 

This rush to a politically-motivated demonstration did not allow for the natual 

selection of the best candidate - h m  both a safety and emnomic perspective - for this 

application. 

Without question, the United States' military effort involving nuclear power 

accelerated technological development by many years, perhaps even decades. The 

choice of a rigid-fuel, pressurized water reactor configuration fmm amongst many 

alternatives was logicaily consexvative for naval propulsion systems, as water was the 

most well-known fluid at the tirne. However, the same m o t  be said for civiiian 

nuclear power stations. The introduction of a 60 MW, power reactor at Shippingport, 

Pennsylvania, was m e d y  a scaied-up version of a reactor originally designed to propel 

and power an ainxaft carrier. Its configuration was not primariiy based on selection 

criteria relevant far a civilian electrical generating plant, as the safe and reliable 

operation of the system w m  not the fundamental considerations used to choose the 

k t  technological solution to the pmblem. This reactor subsequentty became the 

prototype for appmxhately 7Q96 of the W o n  reactors in the world today, and the 



uniqueness of the evolution of this technology was perpetuated as the former Soviet 

Union, France, Japan and many other countries followed suit with similar nuclear 

power pmgrams. Canada developed a unique heavy water-moderated natural 

uranium-fuelled reactor system know as CANDU (Canada Deuterium Uranium). 

Another aspect to consider is the mnduct of reactur openitors. The military 

could exexrise strict coatrol over its personnel, often in environments totally separated 

from the civilian wurld, and thus muld rely on disciplinecl and highly trained human 

performance for part of a teactOis saféty d u m c t e k t i c s ,  Such strict control, however, 

is inconsistent with severai democratic values (Pemw 1984; Sagan 1993) and thus 

civilian nuciear power plants could not be as reliant on human action. In the early 

1980's, utility leaders in the United States bld the Electric Power Research Institute 

(EPRI) that hture nuclear reactors should be simpler in design and to operate, and 

ten times safer than the current generation (Sweet 1997). "Advanced Iight water 

reactor designs (Nuciear News, September 1992) have b e n  proposed in an attempt to 

acbieve this level of increased safety. However, the intent of this work is to follow an 

approach more suited to selecting a core configuration for civilian nuclear power 

generation - one with safety as the foremost criterion. This is done by following a 

path paralle1 to the powder-in-suspension idea which was conceived of in the earliest 

stages of reactor design - but was discardecl in favour of the more -dient military- 

developed option (Went and de Bruyn 1954; Kreyger et. al. 1958; Went and Hexmans 

1972) - specifîcaily a reactor core using the concept of pellet suspension. 

1.5 Component Substitution 

The reactor COR concept which is discussed in subsequent chapters is 

envisaged to be used as a replacement for existing fission reactor cores which, of 
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couse, are just one component of a given power plant. Research and deveIopment 

involving such component substitution is, howwer, useful for at  Ieast two reasons: i t  

may provide unique innovations and may provide complementary contributions to the 

evolution of existing reactor types. 

The practiçe of renewing a technology by replachg one of its components with 

an impmved alternative is not new. Such component substitutions have aIso occurred 

several times during the development of other well known technologies, resulting in 

a drastic improvement in - or increased use of -- that device or p m e s s  (Harms 1996). 

For example, the introduction of diesel-electric locomotives to replace steam driven 

engines led to a sign$icant increase in the m o u n t  and speed of train WC in Britain 

in the late 1800's. Similarly, the substitution of jet engines for propeller or piston 

engines i n  aircraR Ied b a dramatic increase in trans-Atlantic air traffic which 

continues May. The advantages of electronic m i m h i p s  mer vacuum tubes In the 

mnstmction of computers is another obvious example of this developmentd strategy. 

It is, in part, through substitution of the fission reactor core in nuclear power piants - 
the component of such systems which is one of the main hazards and source of 

negative public perception of the industry - that this work attempts to address and 

improve the prospects for nuclear power. 

Conditions For Renewal 

In order for the n d e a r  power indus- to invoke significant change that may 

result in a more positive view from the generai public and a possible ensuing renewal 

of fission power plant development, several considerations are important. Without 

question, the technical and econornic performance of existing reactm must not oniy 

be maintained at nvrent le*, but must be impnmed to provide the public with 



positive experiences associated with nuclear power. Ln addition, reactor safety, waste 

disposal and non-proliferation conœms must be better addreçsed, perhps through a 

more fundamental strategy as was articulated reœntly by C. Starr (1997) and 

'Most of the present objections to the use of [the] nuclear option have their 
mts in the reaetor safety issue. The a p p m h  taken to satisfy the escalating 
safety concerns has resulted in excessively cornples and expensive plant 
designs [which] stiU have not succeeded ta create public confidence. There are 
many proposalsi made to remedy the probIem that presently nuclear energy is 
facing, but the one and the most direct way out of the difficulties is 
surprisingly absent among these suggestions ; namely , a new reactor concept." 

As aiiuded to pxeviously, the global nuclear power industry currently faces 

many aging reactors which WU soon require significant upgrading, retro-fitting, or  

decommissioning, as well as minimal new construction and orders for additional 

plants. Even the more recently designed "advanced" reactors are not faring 

signifîcantly better in the global power production market (Nuclear News, March 

1998). However, a possible tesurgence of fission powet - based on a "second 

generation" of nuclear reactors -- muid rest with those that are not only much safer 

and reliable than the present generation, but which a h  provide these characteristics 

through the use of natural and passive processes as opposed to an improved quaiity 

or increased number of active safety systems alone. Such a simplification would 

reduœ the aeed for technologid addans, lower the complexity and mst of the plant, 

and deemphasize a reiiance on human performance for its safe operation. Tailoring 

the design to avoid rather than just mitigate the consequences of accident conditions 

would further impmve the economics of the system by permitting a "walk-back" 

approach where the reactur could be restarfed saon after an abnormal incident (Lidsb 

1984). 
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for the most part are based on passive processes - in May's fission reacturs are based 

on feedback. That is, in the event of a deviation h m  nomal operation, a sensor 

detects the perturbation and a signal is sent ta a control system which tries to adjust 

parameters to retun the system to m d  operating conditions, or demands action by 

an operator. Such systems are an m p l e  cf active safety (m 1991). An obvious 

improvement over such schemes is one which does not rely on active systems in the 

event of a faiium of one or several subsystems within the plant whiie still ensuring 

safe operation. For that to be possible, the design m u t  be such that in the ment of 

a deviation h m  normal operation the system autonomously adjusts itself - even with 

no extemal influence, i.e. passively and inhe~nt ly  - to return to its original stak. 

Passive safety is sometimes alço d e r d  to as 'level one" safety, and is 

esbibited in a variety of everyday devices such as car seatbelts and fire sprinkler 

systems. The former rely on mechanical primiples alone, while the latter also use 

thermal effects to initiate responses and remedies to abnormal conditions, thus not 

relying on active components or systems as are cornmon in most other engineered 

safety systems. 

A concept or design which c m  provide such passive safety agaimt potentially 

hazardaus deviations from standard reactor operation would be a logical next-step in 

the dwelopment of nudear power. In fact, had nuc1ear power evolved without the 

external influences it was subjected to, similar principles may have guided the first 

reactors ever built. Such impxwed reactors would best rely solely on natural processes 

for safely returning the reactor to normal operation (or to shut it d o m  entimly, if 

necessary) if they are to be acœpted by the general public (Kirchsteiger, Reusens and 

Btkk 1995). In addition, these natural pmcesses, such as gravity or tkmodynamics, 

should be transparently obvious and understandable - even to the non-specialist. 

The distinction between these molutionary - as opposed to evolutionary - 
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concepts is that they do not necessarily make mere refinements to an erristing reactor 

system to provide impmvenaents, as is the case for most of the "adv8nced" reactors 

under development today. Rather, they make significant changes to the system -- or 

a major component thereof -- sometimes seemingly retuming to very basic 

considerations (Kugeier and Phlippen 1996). Indeed. in many cases revolutionary 

concepts are derived h m  older ideas that were abandoned but can now be modified 

to provide the much d e s i d  attributes of "conceived of' safety. M e  these new 

concepts do not have the benefits of extended operating expenence like that of the 

present evolutionary designs (IAEA 19931, new revolutionary fission reactor axe 

concepts which possess passive safety characteristics agains t potentially dangerou 

reactor accidents represent one avenue to possibly bolstering the nuclear power 

industry. Such a renewal is necessary in otdet that the benefits of fission power over 

the alternative means of power generation may continue to be realized. One such 

reactor concept -- the Pellet Suspension Reactor, or B R  -- is the topic of this work. 

1.7 Design Process and Interactions 

The ccinceptual design of the PSR presented and analysed here follows a 

traditional design process in many ways (Ertas and Jones 1996). The pmject began 

with the identification of a need for such a new system. Recognition that currently 

operating fission reactms and advanced reactors presently king designed are 

inadeqwte to succesafully address all the c o m  associateci with nuclear energy 

(Section 1.31, that continried reliame on fossil &eh WU not be acceptable for several 

reasons (Section la), and that no new means of basdoad eledzicity generation 

appears feasiile for many decades into the future, led to the conceptualization of a 

h i o n  reactor system whieh addresses three major issues of eoncem faeing nudear 
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reactors today: 

1. loss-of-coolant accidents (LOCAs) (Chapter a), 

2. reactivity excusion accidents (C'hapter 41, and 

3. dosure of the nuclear fiel cycle (Chapter 5). 

In an ideal case, the optimal design of a new product or system is sought before 

continuhg its development. For nuclear power stations, however, political and 

military influences prevented this to some extent (Section 1.4). and thus the PSR is 

intended to passess characteristics more suited to being an optimal choice for solely 

civilian electricityIgenerating fission reactors. However, as there are many similar 

research efforts throughout the world (Section 2.21, it is certaialy too emly to 

deterrnine which, if any, of these reactor systems are the best choice for a "second 

generation" of fission reactors. 

Despite this, the exploration of one such reactor at the conceptual stage 

provides valuable cornparisons ktween the many options being considered. For the 

PSR, the switch h m  rigid fuel to pellet fuel, and the suspension of such h e l  by an 

upward moving fluid (Section 2.3) were effectively pre-determined requirements. 

Many alternatives to the pellet catchment system, fuel repmssing procedures, and 

other componenta of the design were louked at throughout, many conceived of thmugh 

related experience or brainstorming exerùses. Most of the design options considered, 

and th& interactions with one another, are discussed in the corresponding sections 

of Chapters 2-5. 

The three main design requirements were clear h m  the beginaiag -- to 
autonomously eliminate LOCAs, to limit reactivity excursion tendanaes, and to close 

the fissile fuel cycle ushg available or attainable teehnology. The conœptuaiization 

of an overall system layout (Figure 2.5) ailowed for the breakdown of the work inta 

several camponents. Chapter 2 priesents the uverall concept, same s M a r  designs, and 
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a variety of options with respect to some of the most unique fwtures of the accident- 

avoidance systems. The three subsequent chapters deal with each of the major issues 

mentioned above in turn. For each, the options considered for that aspect of the 

system, any selections made and reasons therefm, the resulting design, its success or 

failure to date, and finally the current status of that mmponent are presented. 
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Reactor Concept 

Fission reactor concepts possessing the goal of improved safety have been 

proposed for many years. Several of those s p d c a i l y  related to the concept which is 

the focus of this work are briefly outlined here for cornparison and context. 

Subsequently, an w e d  description of the pmposed fission reactor concept -- several 

analyses of which are undertaken in Chapters 3-5 - is presented dong with the 

generd means by whieh it may address some of the problems faced by the nuclear 

power industry. 

2.1 Safety Terminology 

Most new fission reactor designs inchde provisions for greater safety measures 

when compmd to remtors operating today. Many of these rely on what is hown as 

inherent safety -- that wbich is a cunsequence of the system design and the materials 

used, rather than king provided by an additional engineered system. Such an 

approach has also b e n  referred ta as intxinsic, deterministic, conclusive, or absolute 

safety (IAEA 1991 1, or the re-r can be said to be passively stable (Taylor 1989). 

Inherent safety cannot genedy be used to descnbe a reactor system as a whole, but 

rather only with reference ta the failure of one component or the development of a 

particular accident scenario, such as  melting of the fuel material. It shodd also be 
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noted that if there are cwiponents of a re-r which are passive in nature, that alone 

does not necessarily render the entire system passive. 

As rnentioned in the previous chapter, iaberent safety characteristics would 

best be such that they are transparently recognisable and easily demonstrable. Of 

course, there should afso be no dependence on, or possible interference h m ,  safew 

devices which have a finite - albeit generally very small -- pmbability of failure or 

susceptibility tn operator misaction, One of the primary feakrres of the inherently safe 

reactors examineci here is an incapability for melting of the k e l  in the core through 

a scheme which is forgiving enough to tolerate human and mechanical failures, some 

even being walls-away-safe, i.e. requiring no human intervention for a given length of 

time -- the gram period. However, one m u t  not overlook the fact that such concepts 

will only perform as well as they are designed, constructed and maintained, and in 

limiting cases a pmrly designed and built passively safe reactor may be l e s  desirable 

than one with a well designed, bul t  and maintainecl active safety system. While 

conceptual designs are the starting points, in practice, operation and maintenance of 

reactor components and systems play an equally important mle in retaining the safety 

characteristics of any power plant. 

2.2 Similar Concepts 

Present-day reactors and most advanced reactors k ing  designed rely on a 

system which repleaishes lost primary cooIant vvith a similar auxiliary çoolant in the 

ment of a l o s s d a l a n t  accident (LOCA). Tbis is to prevent melting of the fuel which 

muld lead to the ~lease  of radioactive fission products. The decay heat generated in 

a reactor - typically &8% offdl power and decreasing after shutdown - îs significant 

enough that it must be traasported away to prevent fuel melt (Kugeler and Phlippen 



1996). The revolutioaary concepts outlined below - including the one which f o m  the 

basis of this work - generally do not require this replacement of o l a n t .  Rather, they 

rely, at  least in part, on gravi@ ta remove the fuel h m  its neutronically critical 

arrangement - in some cases from the core altogether - and to have it massemble in 

a new geametry such that forced auxiliary mling is not neeessary to prevent its melt 

in the event of a LOCA 

Fission reactor core concepts other than the presently cornmon tigid-fhel 

designs have been investigated h m  the earliest days of the &sion enterprise. Those 

based on fixe1 pellets, and in particular on fuel pellets in suspension, continue to be of 

interest. These reactor core concepts generdly feature suitably coated spheres of 

fissile fiiel suspended in a critical arrangement by an upward flowing liquid or gas 

coolant. Upon dismption of this cmlant fîow, the fuel pellets in suspension wiU 

descend auhnomously under the force of gravie into a subcritical and perpetuaily 

cooled mangement, thus eliminating the likeliiiood of fuel rnelting. 

A variety of these reactar concepts utilizing pellet fuel in suspension have been 

proposed or reviveci in the last decade or two. One such project is that of a fluidized 

bed nuclear reactor (Sefidvash 1985,1996). In this design, slightly enriched uranium 

dioride (UOJ fuel pellets me fluidizedl by an upward moving light water coolant 

O .  ûther fiels such as thorium (Th) and mtural uranium, and Merent cootants 

such as heavy water (D,O) or organic materials have also been considerd A sieve at  

the m e ' s  upper boundary is required to prevent the transport of fuel spheres out the 

top of the reactor by the heated pressurized molant. its location may be adjusted to 

pnmide an optimal M-bmoderator ratio via the void fraction, E, in the fluidized bed. 

In the event of a LOCA or merely a reduction of the eoolant flow rate, the partides 

'Fluidization and related coa~epts are diseussed in Chapter 3. 
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collapse to a packed bed where the s d e r  modenitor-bfbd ratio renders the system 

sub-critical and permits sficient cooling without the flow of primary coolant to 

ensure that no fuel melt occurs. Similar subuiticality is actiieved if the cooiant flow 

is too great and the fuel is packed against the upper sieve. However, in this design 

such passive cooling conditions are only maintained for a fmite gr= period, and thu. 

extemal intervention in the event of a LOCA is required at some later time. This is 

typically severd hours or days h m  the LOCA initiation. The reactofs modular 

design and s m d  power output per unit, Table 2.1, makes many reactur sizes possible, 

and the resuiting reduction in licensing cos& fimm duplicity and high reliability - 
including on-line refuelling -- add to its attractiveness. Seismic ment. would not cause 

the breakup of any individuai fuel eIements and thus could not damage the first 

barrier to fission product release - namely the fùel compound itself. 

A somewhat different concept has been proposed by a Swiss group (Taube et. 

al. 1986) which uses upward flowing liquid lead amlant to hold uranium b i d e  (UC) 

spheres against an upper boundary. The supeficial fluid velocity is thus required to 

be greater than the terminal wlocie of the fuel spheres to retain them against the 

upper bounds of the channels, otherwise gravity disperses the fiel to a subcriticd 

arrangement. This can be either within the channeis or on catchment tram beIow the 

a m  in the event of a signifiant reduction or even total loss of amlant flow. During 

normal operation, the fluid velocity below the c m  region is s m d  enough so as not to 

transport any fiel elements residing on the catchment trays into the channeis which 

eliminates the possibility of an unforseen fuel or reactivity insertion to the critical 

system. In the ment of a LOCA, r e m d  of fuel h m  the core and its collection on the 

trays below provides a fheI dispersal action that ensures subcnticality and suf£îcient 

'~erminal velocity is discussed with regards to pellet suspension in Chaptes 3. 
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Table 2.k Representative characteristics of some suspended peilet-type fission reactor 

core concepts. 

kifritz 1 van Dam' 

II enrichment 
of fiel, 5 (%) 1 
mean pellet 
diameter, 
<$ (mm) 

I 

cladding 0.5 
thickness 
(mm) & type Zr 

colunln 
diameter, 25 
D, (cm) 

column 
height, 1.4 
H (m) . 
coolant 
temperatue, 308 
T (OC) (average) 

coolant 
pressa,  15.8 
p 

1 

cwlant 
velociQ, 0.51 
u ( d s )  

void 
fraction, 70 
e (%) 

pow-, 4.5 - 5 
Pt, (MW,) per c0hm.u 1 1 per channe11 

no 
cladding 

'ody one m e  of& rem& group is used to i d e n e  the di@erent reactor concepts 
(the complete Iist is included in the corresponding reference). 

%y weight. 

'including s 0.02 mm diameter inner ferro-magnetic core. 

-0 (tri-isotmpic) coating structures of fuel pelleta are discussed in Chapter 4. 
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fuel cooiing so that no intemention is needed fm 24 hours. Subsequently, spray 

coolhg is required to dissipate the decay heat. The charnels are made of appropriate 

size (Table 2.1) ta ensure no choking or clogging wi l l  occur if the pellets are required 

to descend out the bottom of the core in the event of a deviation h m  normal 

operation. 

Taube et. al. also suggest several features which should be incorporated into 

any new fission reactor design to elimiJIRtP as many potential hazards as possible. 

mese include using an inert codant and moderator to eliminate all chances of 

chemicai reactions o r  phase changes, even if either cornes into contact with one 

another, the fuel, structurai  materials, the atmosphere, or other media. In addition, 

they recommend the use of low pressure in all fiuids such as coolants or moderators, 

but appear to contradict themselves by employing liquid lead a t  over 3 MPa in their 

proposal. 

Another concept, somewhat akin to Sefidvash's, is that of Minuio and co- 

workers (Minino, Ito and Ohta 1990). Their work uses U 4  spheres which are 

fluidized by light water in hexggonal columns. An upper sieve prwides the core's top 

boundary, while a density lock mechanism which opens in the event of cmlant flow 

reduction forms the base of the bed. When this lower "trap-door" (see Figure 2.6(a)) 

opens, the fuel pellets descend into a lower cavity where the fuel arrangement is 

subcritical and there is suffcient cooling of the pellets to avoid fuel melt. 

There are other variations of the fuel-in-suspension concept, including one in 

which UO, fuel spheres are suspended by helium (He) gas in a large diameter column 

(Watanabe and Appeibaum 1991). Because of the larger gas velocities (Table 2.1 and 

Chapter 3) necessary for suspendhg pellets with He instead of water, and the 

mdting density variations of hsile fuel pellets in such a large diameter me, an 

additional system is hmpomted to attempt to achieve some stabilization of the pellet 



distribution. Each peliet contains a core of ferromagnetic material surrounded by the 

uranium fiel, and extemally genmted magnetic fields are used to assist in holding 

the pellets in place within the coliimns during normal operation. 

An additional reactor concept which fluidizes U02 spheres in water (Seifritz 

1992; Seifntz and Sefidvash 1997) also utilizes a movable upper sieve to control the 

&el-to-moderator ratio and thus, dong with the flow rate of water coolant, prwides 

a contd  mechanism for the reactor. Also proposed is the use of hollow pellets to 

reduce the mass of each -- and thus the fluid velocity required to suspend them. 

A final reacbr concept based on the suspension of fissile h e l  pellets by the 

coolant that will be mentioned hem is that of van Dam and co-workers (van Dam et. 

ai. 1996). In the FLUBER, as they have labelleci it, UC spheres are fluidized by He 

gas, a cntical system only achieved when the proper void fraction in the fluidized bed 

is attained. AU other configurations are sub-critical - rendering it inherently safe 

against flow-induced reactiviy insertions; the provision of decay heat removal exists 

if the coolant flow is Iost or reduced. Neutronics calculations have been perfOrmed 

assuming a uniform fuel density distribution. Caldations involving non-uniform 

conditions are undemay, but the dynamics of the system are expec~d to have ody 

minor effets on the reactivity due to the slow neutron kinetics characteristics of a 

graphite moderated readm. In addition, the Iarge thermal feedback resulting from the 

excellent miring propertis of fluidized beds wil l  fùrther reduce the enects (van Dam 

et. al. 1996). This concept makes use of these and other beneficial safety 

characteristics found in present-day HTGRs (Cameron 1982). 

The variety of designs and concepts - due to configurations, materials, etc. - 
summarîzed above are collectively, however, aii reactors of the suspendeci pellet-type: 

those which suspend small, spherical pellets of suitably mted fisde fuel in a 

neutronicdy critical arrangement between upper and lower bounds of a reactor core 
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by a verticaliy flowing liquid or gas. Their passive and inherent safety characteristics 

against loss-of-coolant accidents, and the primary meam through which they are 

obtained, are the links to the reactor concept which is the focus of this work. 

2.3 PSR Core Concept 

Suapended pellet-type reactors have evolved in part through the progression 

h m  packed or partide beds to fluidized beds, and for greater fluid velocities, 

suspension arrangements. What has becorne known as the Pellet Suspension Reactor 

- abbreviated PSR here to avoid the potential confusion between such a name and the 

more general class of suspendeci pellet-type reactors -- is a specific example of a 

revolutionary reactor conœpk The fundamental distinction between it and 

conventionai fission reactors is that the fissile fuel is not in large fuel elernents rigidly 

mnstraiaed within the m. Rather, the fitel takes the form of small spherical pellets 

composed of a carbide or oxide based nuclear fuel kg. UC or U02) surrounded by 

several thin pmtective layers which provide retention of the energetic fission pmducts 

and long-term structural in-ty for the pellets, Figure 2.1 (Harms 1993; Harms and 

Kingdon 1993). Of the order d 10' of such pellets - whose diameter is -1 mm -- are 
needed for such a reactor, however the production and reliable performance of such 

fuel elernents is well established3. These fuel pellets have b e n  shown to exhihit 

excellent fission pmduct retention and high temperature d d i l i l y ,  and are based on 

technolagy developed in connection with high temperature gas reactors (EFPGRs) and 

particle bed reactors. 

In the PSR, the micmfuel pellets are hydmdynamically suapended in upward 

flowing helium gas within cylindrid columns. The neuhnidy-transparent tubes 

- - -  

3Fuel pellets are discussed in Chapter 4. 
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Exiit ina Essential 
Generic Core Comvonents 

Liquid 
Coolant 

Liquid 
Coolant 

Ga5 
Coolant 

Figure 2.k Repiacement of rigid-fiid elements in a conventional reactor core with 

pellet fuel suspended by an upward moving liquid or gas coolant. 



are approximately 20 cm in diameter and contain only enough particles to occupy 

about 10% of the column volume. This latter d u e  was selected following criticality 

searches so as to yield, as near as possible, the maximum mctivity possibIe through 

adjustment of the void W o n .  During normal operation, the particles are mRintained 

above a lower constriction in the column - below which the superficial gas veldty is 

-ter than the terminaI veidty of the pellets thus transporting any which fall below 

it back to the main column - and below an upper expansion of the tube - above which 

the fluid velocity dmps below that capable of suspendhg the particles' so that any 

carried above the boundary fall back into the central region - which form the bounds 

of the pe8ctor eore, Figure 2.2(a) (Kingdon and Harms 1996). The height of the 

coiumns is of the order of a few me-, and severai, perhaps wen one hundred such 

vertical columns - sepamted by an appropriate rnoderating material such as graphite 

or low pressure D20 into which conventional contml rods may be inserted for use in 

reactor start-up, control, operation and shutdown, as in CANDU reactors -- fom the 

reactor m. The total diameter of such a syskm, including a surrounding reflector, 

is several metres. 'ho possible variations of the suspension column which are 

distinguished by solid upper boundaries are shown in Figure 2.203). These alternatives 

are motivateù by the need to rnaintain a stabie fuel distribution in each coiumn h m  

a reactivity point of view, which can be achieved by h a v a  the fuel particles 

motionless or moving about only minimally during reactor operation. 

In the ment of gas m l a n t  flow Rduction or complete coolant pump failure the 

fuel pellets autonomously descend under the force of gravity out of the core columns 

and into a dry, divergent, gas-filled amical annulus where they form a packed bed of 

partides in which the fissile fuel takes on a sub-critical arrangement (Harms and 

- - -  

4ThiP is kmwn as the minimum fluidization velocitg U, - diseusseci in Chapter 3. 
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(a) 

Pellets in Suspension 

Fud micro pellets In 
open-tube suspension 

Colurnn-Packed Pellets 

Fuel mcro pellets 
forced against 
perionitecUconlcat 
tube ends 

(b) 

Cote-Packed Peliets 

I t t t t  i 

Fud spheres forced 
agalnst pertorated 
corn screen 

Figure 2.2 (a) Schematic of a suspension column for the PSR, and (b) possible 

variations which would s t iU  provide for inherent safety against LOCAs. 
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Fundamenski 1993). Packed-bed heat conduction in the catchment to assure fuel-melt 

avoidance appears tractable and choking, or clogging, of the narrower lower tube is 

eliminated by ensuring that its diameter is at  least fiRy times that of the pellets5. 

The process of pellet removal from the core in the event of a LOCk and the 

geometry of the catchment device below the core, Figure 2.3, to assure subcriticality 

and perpetual remwai of decay heat by packed bed amduction have ai l  been addressed 

(E3a.m~ and Fundamenski 1993; Rornilwsky, Kingdon and Harms 1996; Kornilovsky 

and Harms 1996). Several options for the catchment geomehy were initially 

considered, the current selection based mainly on the simplicity and utility of the 

conical annulus as there was little infiuence on other componentç of the reactor 

system. This design has shown that a geometnc arrangement which provides for 

nuclear sub-criticality is consistent with one that assures the removal of ail the 

radioactive decay heat from the fissile fhel to a large heat sink (i.e. a bomted water 

sheath connecteci to an exterd reservoir). The bed size is determineci by two main 

constraints: a suff'iciently large volume to contain dl the &el particles from the 

reactor and a sufficiently thin annulus b ensure that packed bed heat eonduction wiU 

prevent any of the fuel particles fmm melting. In addition, the descent of the particles 

h m  the reactar to the catchment area occurs sficiently quickly to ensure that fiel 

daes not melt while in transit tn the annular packed bed. 

This LOCA elhination by gravitational shutdown substitutes a c m  e j d o n  

pmcess for mechanical or electncai sensor-driven systems and components -- 
essentially asnounting to the transporting of a hot, non-stationary &el pellet core into 

a perpetually cooled subcritical catchment, as o p p o d  to the transport of an 

Emergency Core Coolant @CC) into a hot stationary core, Figure 2.4 CHarms and 

-- 

'This condition is easily satisfied, as wiil be shown in Chapter 3. 
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Figure 2.3: Concephial layout of the PSR reactor core showing only one of several 

suspension coltimns and the catchment configuration into which the 

fuel pellets descend in the ment of a reduction in primsry aalant flow. 
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Cooiant A Codant Gravity Drivcn n 

Figure 2.4 Sehematic depiction illustniting two safety design principles: transport 

of an Emergency Core Coolant intn a hot core versus transporting hot 

fuel pellets into a perpetuaiiy cooled catchment. 
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Ringdon 1994). The latter is used to woid LOCA consequenas in conventional fission 

reactors but is not always available during low power, refiielling or other operating 

conditions (Kugeler and Phlippen 1996). This is not the case in the PSR. In addition 

to always being available, there is no need for testing, inspection or maintenance of 

the LOCA-avoidance system, nor can it be biased by human action. 

The provision for shutdown and htal decay heat dissipation in the event of -- 
and as a consequence of -- a loss-of-~~~lant accident provides for inherent, passive and 

self-acting safety characteristics against LOCAs through the action of gravity. Since 

the failure of the mling systeni resdts in the transformation to an assuredly safe 

configuration, the PSR is said to be fail-safe against lossi)f-~~~lant  accidents, and any 

dangerous consequemes which may directly mise therefrorn. Some other reactors, be 

they those operating today or advanced rigid-hel reacinrs under design, clairn to 

possess passive or inherent safety characteristics like those descrihi above for the 

PSR by relying upon an ECC iqjection system. However, this action usually requires 

the opening of at Ieast one valve or the breech of a pressure boundary, such as a 

mpture disc, to be invoked, and thus their passive characteristics are tnie only to a 

certain extent. 

Further, following such ECC action there is usually a significant, expensive 

clean-up of the coolant system required, whereas in the PSR's core ejection scenario 

ma&r restart can occur effectively immediatdy afterwds. Any such gravity-induced 

shutdown, be it due to unforseen circumstances or deliberate operator action, is 

foflowed by the cdection of the fuel pdets by remote mbotics h m  the catchment, the 

roestablishment of mlant fiow and iqjection of the fiiel pellets back into the columns 

h m  either the top or sides in order to resume reactor operation. Reactiviw can be 

held d o m  by N l y  inserting eontrol rods until the entire fuel loading is re-estabiished, 

at which time the mds would be withdram to achieve the desired power level. 
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The fuel pellet exmaaion provision can also be extended to normal operation 

to aceomplish on-line refûelling and fission product management for a reduced 

radioactive inventory in the c m .  With low excess reactivity in the core, potential 

transients are limited and there is a d u c d  need for soluble, burnable neutron 

poisons in the moderator or coolant, and thw also any associated chemistry control 

systems. Fuel pellets could be withdrawn and iqjected into the pressurized coliimns 

through tubes of lower and higher pressure. respectively, which would drive the small 

f i d  elements in the desired direction. AU of the extracted pellets would be sent to a 

non-destructive qualie assurance test station to determine the extent of fissile fuel 

burnup, the amount of fission product accumulation present, and for tests of material 

integrity, Figure 2.5. Pellets deemed capable of returning to the reactor -- those which 

had undergone relatively little fuel burnup and were still smicturally sound -- could 

be put aside for recirculation to the axe, while ali others would be repmcessed on-site, 

mmoving ody selected neutron absorbing fission products. 

The method of electni-refining mass separation (Laidler et. al. 1997; Koyama 

et. al, 1997) is ideally suited for the removal of such species since i t  is less expensive 

than alternative means which employ isotope separation and yields no weapons-grade 

fissile material. Whiie alieviating nuclear proliferation concerns, such a system would 

also signincantly reduœ the volume, activity, and lifetime of high-level waste as ody 

certain fission p d u c t s  - as opposed ta al1 the components of the spent fuel - would 

need to be stored and mmaged, allowing this task to be potentially 8ccompiished on- 

site. All remaining fission products, the actinides and l e h e r  hel from the petlets 

would be returned to the core in newly manufactured fuel elements, "topped up" with 

additional Assile fbeI6. This pellet m811ufacture eould also occv on-site, potentially 

6This fuel management system is disnissed in Chapter 5. 
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CORE 

He COOLANT 

FUEL 
KECiCLE 

Figure 2.& 5: conceptual layout including fuel inspection, electro-renning 

separation to remove neutron-absorbing fission products for on-site 

storage and decay, and fuel mandkcttm, including actinide recycling. 





The outermost shell of the pellets wuuld be a hard, durable materid to withstand the 

p hysical collisional demands within the column, 

Of most significance here, however, is a layer between the fuel core and the 

o u t .  protective layer that consists of a material which subIimates fkom a solid to a gas 

when its tempemtue rises signifieantly above normal operating conditions, yet is 

smdl enough to have a negligible effect on suspension requirements and particle 

distribution homogeneity. This ablative iayer couid potentially initiate a mechanism 

to remove the &el h m  the axe in the event of a reactivity ertcursion, and thus 

eliminate any dangernus mnsequences thereof, through the following sequence: a 

reactivity increase in the reactor would cause an increase in the neutron population, 

subsequently increasing the power production within the fuel mre of the pellets. If 

powm or temperature reactiviw feedback effects within the pellet - or reactor as a 

whole -- do not result in a net reduction in reactivity, the increased power production 

would continue to raise the fuel temperature and then that of the ablator. Once the 

sublimation temperature of the ablative material was reached, the resultant change 

of phase would generate substantial pressure to break apart the outer protective shell 

of the pellet and thus change the geornetric properties of the suspended material. If 

these changes in the drag force were sauent, the suspended pellets would elutriate7 

out the top of the column - wheie they d d  be mllected - for those particles whose 

terminal velocity is reduced below that of the velociw of the mlant .  Altematively, 

those fhgments whose minimum fluidization velocity is increased above the 

suspension velocity would descend out the bottom (Davidson, Clift and Harrison 1985). 

This fuel remwal would reduœ c m  reactivity and potentiaily avert an excursion 

accident, but is obviously only applicable to the suspension column designs (Section 



2.2, Figure 22) which have no physical barriers at either the top or bottom. 

For this accident avoidance mechanism to be successful -- rendering the PSR 

immune to a second reactor accident scenario - cornparison of the time scales of 

several procesaes is requimd. The generation and conduction of heat in the pellet, the 

ablation process, and the elutriation or gravitational fall of the pellet fragments out 

of the core must occur sufficiently quickly to remove enough fuel to reduce the 

reactivity ta a stable level (Kingdon, Kcmilovsky and Hams 1996). 

The PSR is thus conceived of to use naturally essured processes including 

gravity, convective circulation, themodynamics and elutriation to provide severe 

accident avoidançe. These features are intended not just to rnitigate the consequenees 

of abnormal events, but to avoid them altogether, In addition, none of the natural 

processes may t~ "switched off' by human intemention. It is important to re-iterate, 

however, that no reactot is eompletely inherently-safe, but tather is only so with 

respect to specific failures or scenarios. The purpose of the PSR is ta achieve such 

safety against loss-ofalant accidents and to affect reactivity excursions as much as 

possible, while providing an option for closing the nuclear fuel cycle on-site. The 

terminology used throughout this work, in reference to safety characteristics, is that 

recommended by the International Atomic Energy Agency (IAEA 1991). 

2.4 Inherent Accident Avoidance 

The PSR design possesses inherent avoidance characteristics against many 

reactor accident scenarios - &en termed Design Basis Accidents (DBA) -- considered 

today in plant safety, liIieennng, and reguiatory activities. The most transparent aspect 

is that of reactor shutdown and subsequent cooling when the fbel descends out the 

bottom of the a m  and into the pellet catchment below. This occurs for any scenario 
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in which tiiere is a deviation h m  the normal upward coolant aow, such as direct 

pump failure, loss-af-flow through the mre due to the failure of any pipe in the eoolant 

system or a blockage in the coolant return lwp between the core outlet and inlet, 

system depressurization or loss of inventury control, the loss of power to the pumping 

system, and others. Since the catchment is design& to provide subcriticality and 

perpetuai cooling for any atmosphere, the inflow of a ges other than heiium is 

accounted for as well. For cases where the flow is merely reduced rather than lost all 

together, same of the fuel pellets would s t i l l  descend out the bottom of the mtor  c m ,  

reducing the power output of that channel in the least, if not rendering the system 

subcritical. In the unlikely event that this low flow rate were insufficient to cool the 

remaining pellets, even a t  the reduced power9 shutdown and cooling could be achieved 

quickly and easily by shutting d o m  the pumps altogether. 

In an event of increased fUel temperature in the pellets, be thete normal 

amlant flow or even for the case of reduced flow mentioned above, several mechanisms 

wodd begin to act to return conditions to normal. Negative temperature co-efficients 

of reactivity - mainly for the fiiel, coolant, and moderator -- would cause a decrease 

in the fission rate reducing the power and subsequently the fuel temperature. 

Altematively, the ablative Iayer in the fiel pellets described in the previous section 

could cause the particles to fragment and elutriation would potentially remove some 

fuel f b m  the are. These mechanisnu muld eliminate the consequemes of loss4 

reactivity c o n h l  accidents, durseen rieactivity insertions and subsequent excursions, 

loss4heat sink scenarios such as feedwater line failures, and others. In addition, due 

to the large volume of moderator between the suspension columns, there is the 

potentiai for this medium to act as a signincant heat sink in an accident scenario. Of 

course, for any accident, coolant pump shutdown d d  remove the fuel from the core, 

halt the fission reaction and pmvide sacient decay heat removal autonomously. 



The elimination of loss-of-coolant accidents and reduction of reactivity 

excursion-type effects through passive, inherent means are to be provided by this 

concept. However, other deviations b m  normal operation are also conveniently 

addressed by the PSR and its coated-particle fiiel form. Mechanical damage to the fuel 

that could potentially cxxur in refuelling and handling operations is rninimized through 

the use of the durable micro-spheres. The likelihood of damaging many of these fuel 

elements in any one ment is minimal due to th& abIli@ to move about one another, 

and any fragmenthg that does occur couid be dealt with by the quality assurance 

provisions already present for nad operation. The blockage of a fuel chamel by a 

foreign object could potentially cause many fiel pellets tx be trapped togethet, however 

negative reactivity feedback coefficients and pump shutdown are means by which 

reactor shutdown rnight be used to avoid any damage. 

For men less likely events such as earthquakes, the pellet fuel would maintain 

its integrity in al1 but the most extreme conditions -- fa. more so than conventional 

rigid fiel  which has no means of moving about within the core when such drastic 

vibrations occur. Since the PSR has no need for speciai safety syskms such as ECC 

iqjection, the faiiure or reliability of such systems is of no significance to the shutdown 

or cooling capabilities of the reactor. This simplified means of providing safety is 

beneficial when ansidering the view that system accidents are in some ways normal, 

or acpected in complex devices with strong coupling between components (Perrow 

1984). By designing a simpler system with primary emphasis on safety reduces such 

complexity, improves the overail safety of the plant and likely reduces costs, making 

the reactor more attractive to utilities. 
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2.5 Material Properties 

Various materials have been incorporated into the conceptual designs of the 

suspended pellet-type fission reactors outlined in Sections 2 2  and 2.3 above. The 

suspending fluids, when moving at the appropriate velocity, are to support the weight 

of the particles in each column. To date. the proposed fluids include pressurized 

helium (He), carbon dioxide (CO?), water (H?O), heavy water (Q 01, or liquid metals 

such as lead (Pb) or sodium (Na). In the determination of the required suspension 

velocities, three fluids - which would also act as coolants but not necessarily 

moderators - are analysed. The primary one is helium gas -- that which is a part of 

the PSR concept, chosen primarily as it is inert and has the potential to be used in a 

direct energy conversion system. However, light water and liquid lead are also 

analysed to allow for comparison with the other conceptual designs discussed in 

Section 2.2. 

Table 2.2 contains expressions and references for the properties of these fluids 

needed in the calculation of suspension velocities (Chapter 3). The formulae for the 

density and viscosity of helium agree well with tabulated values in the literature 

(Tsederberg, Popov and Momma 19711, a pressure of 5 MPa and a temperature of 800 

K are generally assumed in subsequent ddat ions  unless otherwise noted. These 

are typical mlan t  conditions in the PSR, partially determined h m  anaiysing the 

suspension requirements (Harms and Kingdon 19931, and are similar to those in 

present-day HTGRs (Duderstadt and Hamilton 1976). At such pressures and 

temperatures helium gas flow is essentially incompressible -- ie. its density is 

unchanged due to the flow itself - since the speed of sound therein, a,, > 1000 ds, is 

much greater than the velocities required for pellet suspension (Kingdon 1994). For 

light water as the s u s p e n d .  fluid, a pressum of 15 MPa and a temperature of 300°C 
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Table 222 Ffuid and solid properties necessary for the dculation of the suspension 

velocities in Chapter 3. The pressure p is in MPa, and T is in Kelvin. 

helium (He) 

density, p 
(kg mJ) 

water (H ?O) 1 p and T dependentb 1 p and T dependentb 

viscosity, p 
(kg m-' s-' 1 

liquid lead (Pb) 1 10500 1 T dependene 

uranium 
&ide WC) 

uranium 1 I - 
dimide (UO,) 

'(Dalle  DOM^ and Sordon 1990). 

btabulated in Sengen and Watson (1 986). 

'tabulated in Rothwell(1962). 

are assumed - similar to today's pressurized water reactors (PWRç), while for liquid 

lead the conditions used in the concept of Taube et. al. (1986) are utilized (T = 500°C). 

For the fluid velocity calcuiations in Chapter 3, the particles are considered to 

be made completely of uranium carbide (UC) or uranium dioxide (UO?). T'us. any 

protective coatings around the fissile material are assumed to be sufficiently thin so 

that the coating density may be regarded as the same as the fissile material's in the 

caldation of the pellet mass. Since the dominant dependence of suspending ve ld ty  

is pellet size, and since the protective layers are relatively very thin, this 

approximation introduœs negiigible emr. Fmm a manufacturing perspective, a 

sphericiv - the measure of a pellets' neamess ta ideal spherical shape -- of 0.95 is 

easiiy attained with good mnsistency (Baetson 1993) for UC pellets, however U@ 

'Sphericity is more formally defined in Chapter 3. 
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pellets are also compatible with the PSR design. Thus, significant variations in pellet 

shape are also of little c o n c m  

Two materials have k e n  cmsidered for the vessels containing the fissile 

particles and helium gas. The first is a zirconium (Zr) alloy such as that used in 

CANDU re-8ctur pressure tubes and other reactors' componentç, the other king carbon- 

based materials such as carbon camposites (Figuetido et. al. 1990). In both cases, the 

inlet temperature of helium to the core region is approximately 250" C, simila. to that 

of HII\GlR codant cycles, However, as the Z r  alloy may experience corrosion or other 

structurai degradation at the high outlet temperatures mical of mGRs, its use 

requires the gas exiting the core be limited to ~400°C. The moderator of the PSR in 

such a case would be either &O or D20, but these are less desirable than graphite 

which has a much larger thermal inertis and thus resistanœ to temperature 

excursions. 

Conversely, the newer carbon composite materials are consistent with a 

graphite moderator and capable of withstanding the higher outiet temperatures of gas- 

cooled reactor cycles. Thus, the helium temperature may be raised to at least 900°C 

for these materials. Regardless of the temperature (250-900°C), the superficial gas 

velociw required to support the pellets varies by oniy a few d s .  This is of no 

consequeme when compared to operating velocities on the order of d s ,  as determined 

in Chapter 3. 

Since the system considered here uses h&um gas to suspend the particles and 

most W y  carbon-based materials for the suspension columns, ablative materiais for 

the fuel pellets that sublime near 1oOO0C were imtially sought, as typicai operating 

conditions in HïGRs codd extend to -900" C. W e  at least half a dozen materials 

were identîfîed, only a few were of a reasonably neutron-transparent composition - 
crucial for use in a fission reaetor. These included zirconium tetrafluoride (ZrF,), 
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zirconium trifluoride (SrF,) and aitiminum trifiuoride (AIF, ), from which the fh t  was 

selected for the initial calculations involving the ablatar layer (Chapter 4) due to its 

sublimation temperature of 11 91 0 O C. 

A simple three layer pellet -- fuel core, ablative layer. and collision-resistant 

outer shell -- is used to mode1 the pellets' thermal characteristics in Chapter 4. A fùel 

mre of UC and outer shell of silicon carbide (SIC) are selected as representative 

materials for such components, some welï established properties of which are 

summarized in Table 2.3. However, the ablative material used in these calculations 

suffered h m  the same lack of fündamental property data that did al1 the candidate 

ablative materiais (Poulain 1996). In fact, the thexmal conductiviQ of ZrF, - a crucial 

parameter for these calculations - is nearly non-existent in the litmature. A few 

studies have been conducted at relatively low temperatures for this material, but there 

are none in the temperature range of interest. As such, the mults of the temperature 

calculations are limited due to the poor material data available at this tirne. 

2.6 Alternative Means of Pellet Suspension 

The upper and lower boundaries formed by the expansion and contraction in 

the suspension eolumn of the PSR are only one possible method of suspending micro- 

fuel particles in a fission reaetor mre while sti l l  retaining the same measure of 

inherent safety against LOCAs. One minor alteration was illustrateà in Figure 2.4 -- 
the installation of a &al tube arrangement with the inner tube sufficiently pomus 

for gas amlant transmission while restraining fuel pellet motion (Harms and Kingdon 

1994), prwiding a linkage to previous particle bed reacturs (Powell, Takahashi and 

Hom 1986). The minute perforations in the inner column p h d e  an additiod path 

far the coohnt to flow upward through the are. ûther variations indude those of the 
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Table 23: Material pmperties for the components of the micro-fuel pellets modelled 

in Chapter 4. 

specific heat capacity, - 620< / T dependentg 
C, (J kg1 RL) 

-- 

'(Lide 1995). 

btKosolapova 1971 ). 

'(Poulain 1996). 

d(Samsonov 1974). 

YStonns 1967). 

'(Chase et. al. 1985). 

'Cp (J k g 1  KL ) r 104.5[13.25 - 2035 T-' + 2.88~10' T-' exp(-568OB], T in R 

Warin, Raacke and Kubaschewsisi 1977). 

silicon 
carbide (SiCl 

3220" density, p (kg ma) 

concepts af Sefidvash (1 9961, Taube et al. (19861, and the mmaining concepts desCnbed 

in Sedion 2.2, including a perforated upper boundary which aiiows for the passage of 

the coolant but not the fùel particles, Figure 2.2(b), and a lower trap door sustained 

by the cwlant flow tn act as the Iower core boundary, Figure 2.Ha). Additional 

concepts inchde a suspended column supporting a fixed particle bed maetson 1993), 

and multiple vertically linked fluidized beds CHornilovsky 19961, Figure 2.6W and 

2.6(c), most of which were conceiveci of to improve the stability of the fuel particle 

distribution within the reactor core over that of a pellet suspension, as the latter may 

uranium 
carbide (UC) 

13630 

zirconium tefra- 
fluoride (ZrF,) 

4430" 
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Codant 
Flow 

Figure 2.0: Additional methods of pellet suspension which still retain the mechanism 

of fuel ejection h m  the core for LOCA avoidance. 
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be subject to large density fluctuations. 

2.7 Advantages of Pellet Suspension 

In addition to the passive safety characteristicç achievable in the PSR, there 

are many other advantages ta using a suspended fuel pellet arrangement for a fission 

reactnr. Because of the immense surface area per unit volume characteristic of pellet 

kel,  much higher heat trançfer rates can be mlized, lessening the thermal burden 

on materials used in the fuel elements and thus allowing for higher cooIant 

temperatures. This subsequently increases the efficiency of conversion from t hemal 

to electrical energy. The extensive mixing and agitation properties of suspended fuel 

arrangements also provide more unjfom fuel temperatures t h u g h o u t  the fssion core 

and result in more even bumup of the h e l  compared to that of rigid-fitel reactors. 

The weIl developed coating technologies provide the fissile fuel kernel with 

thin, concentric, pmtective shells of various materials, and thus allow for even greater 

temperature and buniup flexibility; examples of such particles are the bi-isotropie 

(BISO) and tri-isotropie (TRIS01 types manufactureci by, among others, General 

Atomics and discussed in more detail in Chapter 4. In addition, by manufacturing 

pellets with different fissile isotopes, several distinct fûels can be used in a single 

reactor at the same time, each in their own homogeneous molecular f o m  (i.e. 

plutonium dioxide, PuO,, thorium dioxide, Tho, , etc.) rather than as mixedacide 

(MOX) fbels. The latter are more diflicult to manufacture, but as of yet are one of the 

few methods for burning additional fisile fueis -- over and abope uranium -- such as 

the accumulated stockpile of weapons' plutonium in conventional fissile fuel-rod 

assemblies. 

More genedy, reactors king designed today benefit from the vast amount of 
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knowiedge obtained since the conception of the current generation approximateiy half 

a œntury aga The first generation of nuclear power plants were forced to compete 

with "cheap mal" and thus had to push the b i t s  of pressure and power density for 

impmved economies of scale. Such a restriction is not as tight now as it was then 

owing to the increased ovemi1 cost, including the environmental cost, of fmsil fuel- 

based means of electricity genaation The PSR has the potential of incorporating all 

of these advantages intn a "next generation" fission reactor design. 

The following three chapters discuçs, in turn, the aspects of the PSR which 

address loss-of-coolant accidents, reactivity exmion accidents, and closure of the 

nuclear fiel cyde, respectively. Each begins with a description of the techology ta be 

applied to that area and how it is incorporated into the PSR to alleviate the partidar 

conceni relating to nuclear power. Analyses ta determine the utility of each approach 

are then outlined and srirnmarized. Findy, the implications of such analyses on the 

ability of the PSR to accomplish its goals are discussed, and possible improvements or 

alternatives presented. 



Chapter 3 

Pellet Suspension and Power Ratio 

The most distinct feature of the PSR is the suspension of fiel particles in 

columns of upward flowing helium gas. It is this characteristic which pmvides for 

transparent loss-of-coolant accident avoidance t h u g h  the natural action of gravity if 

the helium flow is d i s M .  This straight-forward means of LOCA avoidance is 

always available and is not hampered by the reliability of - or cornplex interactions 

between -- active m o n i ~ g  components and safety systems. 

The pmgression fmm densdy packed particle beds to what are know as 

ûuidized beds - used in a variety of chernical engineering and other appiications - and 
W y  to pellet suspensions is described in this chapter. Fmm the velocities which are 

determineci to be necessaxy to provide a pellet suspension, several conclusions 

regarding the PSR concept are drawn 

3.1 Packed Beds 

To determine the upward fluid ve1ocity necessary ta establish and sustain the 

fuel pellets between the lower constriction and upper expansion in a column of the 

PSR, a well-founded developmem from work involving fluid flow through packed beds 

is a beneficial starting point. The following derivation is considered ta be sufficient 

to pzwide con- and justification for the lower velocity bound selected in a 
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subsequent section. 

A packed bed is a static bed of solid particles through which a fluid is made 

to pass, Figure 3.1. Theory and experimentation have both been uçed to establish the 

pressure drop as the fhid passes through the bed of particles, most o h n  in a 

cylindrid c01ux.m~ A &cal review of such analyses by Ergun summarizes and 

synthesizes the resulta ofother important amtributors (see references in Ergun 1952). 

It is well established that the four main factors aff'ecting energy loss - or the more 

obsemable associated pressure drop - through a packed bed are: (il fluid velocity, (ii) 

fluid density and viscosity, (iii) the degree of partide packing in the bed, and (iv) 

particle size, shape and surface nature. Henœforth, aii fluids will be assumed ta be 

flowing upward in the vertical direction, meaning ody the magnitude of the rate of 

flaw - i.e. the speed - be specified. However, in the relevant literature, the term 

velocity is used to refer ta this flow rate magnitude, with the direction of motion 

understaod. A similar practice will be used here to retain consistency with the 

nomenclature cornmon to this field, and should not cause undue confusion. 

(9 Fluid ve1oci@: Far low fiow rates, the pressure drop in a pmked bed is observed b 

be proportional to the superficial fluid velocity, U, while at high flow rates this 

pressure decrease varies with b. Reynolds was the first to propose that the pressure 

drop, Ap, in a tube containing no particles over a length L codd be ~xpressed as the 

sum of two temm (Reynolds 1900): 

where p, is the tnass density of the fluid, and C, and C , are parameters for a 

partidar system. Ekperimental results fmm Ergun and others determined that Eq. 

(3.1) was also sufncient ta express the pressuie drop ehrough a packed bed of particles 
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Figure 3.k (a) Schematic depiction of a packed or paxticle bed, (b) a conventional 

fluidized bed, and (cl a suspension column for the PSR. The size of the 

particles has been enlargeci for illustration purposes. 



as  a fitnction of fluid velocity. 

(5) Fluid density and viscosity: In the limit as U+O, the ratic, of pressure drop to 

velociîy (&/Zn tends to a mnstant, namely C,.L for EQ. (3.1). This is the condition for 

viscous fluid flow, and thus C, m u t  include the fluid viscosity ~ i , .  The first term in 

Eq. (3.1) thus accounts for the viscous energy losses and the second for the kinetic 

energy losses (Ergun 1952). The latter are evident in the case of high fluid velocities 

where the flow becornes turbulent and kinetic energy losses dominate. These two 

eff'ts are appmximately equal in magnitude for Reynolds nurnbenl of 60 (Ergun and 

Orning 1949). Since the effect of density is already included in the kinetic energy 

losses, Eq. (3.1) can be re-written as 

where Cp Cl&. Note Ap/L is really A(p/L + p, .g), where g is the auxleration due to 

gravity, but the latter term is negligible in comparison ta the former for fked beds. 

Corrections which are introduced below for determinhg U in fluidized beds indicate 

that this term is not aiways negligible, even for systems using a gas as the fluidizing 

medium. 

(iii) Degree of partide packing in the bed: The effect of void fraction, E: - the fraction 

of the system's volume not oenipied by particles - on the pressure drop through 

packed beds was the subject of much debate for some tirne. Once it was established 

that there were two contributions to the e n e w  losses in the bed - viscouç and khetic 

& i  - it was then determined that each possessed a different dependence on the bed 

- -- - - - - 

' ~ h e  Reynolds number for fluid fiow is definexi in Section 32. 
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void Wtion. The void -ion effect in the viscous tem was found by Rozeny 

(autlined in Ergun 1952), who assuxned that the bed was equident to a set of s i m i k  

paralle1 cha~els .  Therein it was established that the dependence of pressure drop on 

void fraction was (1-&/& whkh w88 later vedïed experimentally by numemus 

researcbers (Ergun 1952 references). 

The effect of void fraction in the kinetic term was detennined by Burke and 

P1tlmmer (1928), whose work relied on a theory that the total resistance ta fluid flow 

by the bed codd be e x p d  as the çum of the mistances due ta each particle. They 

found the dependence of pressure dmp on void fiaction to be (1-el/& also later 

confïrmed experimentaily. Introducing these dependencies into Eq. (3.2) yields 

where C, and C, again are parameters of a particular system under consideration 

Note the importance of accurate measurements or aidations of the void fraction as 

the pressure drop through the bed is very sensitive to E .  

(iv) Parbcle size, shape and surface nature: The effect of a particle's sdme nature 

on hp can becorne very complex for irregularly shaped particles. However, since the 

problem considered here involves ody solid, non-pomus spheres (or pellets which are 

very nearly spherical), many of these complexities can be ignored. Particle size and 

shape are combineci with the use of an effective diameter d, which is the diameter of 

a sphere with a volume equal to that of a given particle. This dows  all particles to 

be represented by a characteristic length d, which for perfect s p h m  is exactiy equal 

to their diarnekr. 

Ergun and Orning (1949) found that the pressure drop in a packed bed varied 



as ud2 in the viscous term, and as l/d in the kinetic term. Introdueing these into Eq. 

(3.3) gives 

where C, and C, are constants. Ushg the data h m  at k t  640 experiments, Ergun 

(1952) detennined that C, = 150 and C, = 1.75 by le& squares analysis. Thus, the 

pressure drop thmugh a packed bed of particles can be represented by what is now 

known as the Ergun Quation: 

3.2 Minimum Fluidization Velocity 

If the behaviour of a packed bed is examined as the fluid flow rate passing up 

through the bed is increased. a typicai progression is observe& Figure 3.2. Through 

the fixed bed, the pressure drop rises with inmasing fluid velocity until such time 

that this pressure dmp balances the weight of all the particies in the bed -- where the 

maximum p & d  voidage is obtained, Further inmases in the fluid velocity cause the 

bed to -and (e increases) whiie the pressure drap mains essentiaiiy constant. This 

expanded bed is initiated at what is calleci the minimum fluidization veldty, U,. 

When the fluid velocity hast iaPeased to the point that the weight of the bed - 
leas its buoyancy in the fluid - is balanced by the pressure drop through the expanded 

bed, this pressure drop must be given by 
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Fixed FI u id ized 
Bed -- Bed 

Initiation 
of  

Entrainment 

Figure 3 2  -sure dmp, Ap, as a h c t i o n  offluid velocity, U, h u g h  a fixeci or 

fluidized bed showing the minimum fluidization velocity, U, 

(theoretical and experimental determinations1 and the onset of 

entrainment near the teiminal velocity, U, (Davidson, Clift and 

Harrison 1985). 



where p, is the mass density of the par+icles. Eq. (3.5) can still be assumed valid in 

the expandeci bed if one replaces E with E, the porosi@ or voidage at the minimum 

fluidization velocity. Thus, equating Eqs. (3.5) and (3.6) and multiplying through by 

dS*pJp: (1 -EJ gives 

where (piUd.d 114) r Red, the Reynolds number of fluid fiow past particles with an 

effective diameter d at the minimum fluidization velocity. Eq. (3.7) is a quadratic 

equation in U,, more apparent in the form 

Approximak solutions of Eqs. (3.7) or (3.8) can be obtained for low and high 

Reynolds numbers (Kunii and Levenspiel 1969). componding to mainly viscous or 

kinetic losses thmugh the bed, respectively: 

These expxessions fa U, are, of course, limited since they corne from an 
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extension of packed bed resdts. Over the last forty years there have been numerous 

examinations of the pmblern of estimating the minimum fluidization velocity, most 

being empirical correlations for more and more experimental data Since, in practice, 

the transition from an increasing pressure drop to a constant pressure dmp is a 

continwus process (shown by the dotted curve in Figure 3.21, Ud is estimatecl by 

exknriinp the two asymptotes of a pressure-velocity plot and taking their i n t e d o a .  

Merent results have been obtained depending upon whether liquids or gases are used 

as the suspending medium, Davidson, Cm, and Harrison (1985) summarize many of 

these results. They include at least fourteen correlations for liquid-solid systems and 

at lest  eighteen for gas-solid systems. The theoreticai determination of U, h m  the 

Ergun Equation is now mgnized as insufncient in comparison to these more recent 

empirical correlations, but has k e n  incIuded here for historicd context and 

comparison. 

Davidson et. al. also establish which of the condations were the most accurate 

at the time of their publication. Not surprisingly, the more recent equttions for Um, 

were the best, having iricorporated more data than earlier versions. For Iiquid-solid 

systems, the empirical fit of Wen and Yu (in Davidson et. al. 1985): 

is used here for Re, s 10, w h e  Ga = d3*&g/g is the Galiieo number, and Mv is the 

densi ty ratio (p. - p Jp rv yielding 

For 100 s &, s 1000, the correlation of Riba et. ai.: 
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ReM = 1 . 5 4 ~  l ~ ~ ~ G a ~ ' ~ v ~ ~ ~ ~  , (3.U) 

is used. The Reynolds number of the system at the minimum fluidization velocity is 

now % = ~~.U~.h.$/b The shape of the pellets. previously incorporated into an 

average outer diameter d, is now acmunted for with the pellet sphericiw @,, which is 

given by 

For minimum fluidization velocities in gas-solid systerns the correlation of 

Thonglimp in its second form is use& 

whi& can be expanded to 

Note the similaritics and differences between the several equations for the minimum 

fluidization velocity, U,, and recall that there tue at least thVty others in the 

literature between the proposal of Eq. (3.7) and Eqs. (3.11 1, (3.13) and (3.16). The void 

W o n ,  E, is not explicitly included in the latter tbree as it has also k e n  correlated 
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as a firnction of U, and 4, and thus its ef5bc.t is implicit in the correlations. 

3.3 Types of Fluidization 

Fluidized b i s  are used in a wide variety of applications, including chemical 

pmcessing and even some electrical power generation The particles. which are not 

necessarily all of the aame size, are generally fluidized by a liquid or gaa - a state th& 

may be considered the reverse of sedimentation. The phases of the system are 

efficiently and extensively mixed in fluidization, resdting in excellent heat and mass 

transfer chaioderistics Depending upon how much the superficial suspendhg velocity 

exceeds the minimum fluidization velocity, a variety of dinerent flow regimes c m  

result, Figure 3.3. In the most cornmon -- and often the most interesthg - cases, 

known as the s o d e d  bubbling, slugging and turbulent regimes, parameters such as 

partide velocity, gas pressure and void M o n  tend to fluctuate in tirne. In addition, 

the presence of extensive voids or "bubbles" are o k n  obserrred in these systems. 

However, once the minimum fluidization velocity has been sqassed in a 

fluidîzed bed, liquid-solid and gas -solid systems behave in significantly diSemnt 

manners. For liqyid-solid systems, fitrther increases in U generally give a smcmth 

progression of bed erpansion where the distribution of solids in the fluidized bed is 

€ ' y  M o r m  thughout. This is known as partidate fluidization, and is usually 

only ellcountered for p , - p , (Figure 3.3). For gas-solid systems at low to medium 

pxessure or for liquid-solid systems where p, cc p, , "bubbles" and particle "slugs" tend 

to form and the resulting partide distribution in the bed is non-uniform. This is calied 

aggregative fluidization. 

For gas-solid systems at high pressure, both types of fluidization are possible. 

To elassify which is anvring in a particular case, early experimental work by Wühelm 
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Figure S A  Schematic depietion of fued, particulateiy and aggregatively fluidized 

beds, and the onset of elutriation (Kunii and Levenspiel1969). 
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and Kwauk (1948) suggested that for Fmude number Fr,, = vmf/(d,-+. .g) = (inertial 

foW(gravitationa1 force) > 0.13, the bed was aggregative, and for Fr, < 0.13, the bed 

was partimhte- A subsequent analysis by Romem and Johnson (outlined in Kmii and 

Imenspiel 1969) determined the boundary between the two regimes waç more 

accurately expressed in terms of a product of four factors: 

where L, is the height of the bed at minimum fluidization, and Q is the diameter of 

the column. For C < 100 the fluidization is smooth or partidate, and for C > LOO the 

bed is aggregatively fluidized, or bubbling. Tall, n m w  tubes are the most susceptible 

to bubbling and slugging, and i n m e d  wall &ats are present in smaller diameter 

columns. 

In most applications to date, a large bed of small particles (diameters h m  

minometm to centimetres) is just siightfy fluidized by the passage of a fluid up 

t b u g h  the static bed (Figure 3.1). The gas or iiquid flow rates are mRinly dependent 

upon the particles' size and degree of fluidization desired, ranging h m  a few 

centimetres per second to metres per second. For the PSR, the hydrodynamic 

suspension of f ix i  particles in an upward flowing coolant against the force of gravity 

requins that the mean fluid velocity be greater than the minimum fïuidization 

velocity. This velocity is, however, gen- too srnail to provide a suspension of rnany 

particles - as w d d  be desireci for most suspendeci pellet-type reacinr cores -- but here 

wi l l  be used as a lower velocitty bound for the mean fluid velocity which does provide 

such a suspension. 

It should a h  be noted that for the PSR. helium pmsure has a significant 

influence on the suspending velocity of the fitel pellets due to its on the helium 
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density in Eq. (3.17), and thus on the evexmss of the partide distribution within the 

care. As uniformity tends to demase with an increase in the superficial velocity of the 

suspending gas for aggregative fluidization, and sime the required suspending velocity 

at higher pressure, it is advanhgeous to operate the PSR gas system at an 

elevated pressure for suspension unifoxmity, as well as other conçiderations. Thus, a 

value of 5 MPa for the heliwn was deemed appropriate. This provides a signtficant 

decrease in the minimum fluidization velocity -- and, as will be shown in the next 

section, the terminai velocity as well - uver conditions of atmospheric pressure, and 

is also typical of the operating conditions in conventional high temperature gas 

reactors ElTGRs). 

Terminal Velocity 

An upper bound on the fluid flow rate required to pmvide a pellet suspension 

can be established with a particle's terminal velocity. The following is merely a brief 

outline of this concept, and that of the drag force on sp hem.  A complete description 

is not presented; only those aspects which directly correspond to the problem here are 

included. For a more cumprehensive analysis of these topics, an investigation of the 

references cited is suggested. 

If the velocity of a fluid through a fluidized bed is increased to the point that 

it &es the terminal velacity, U, of the particles, elutriation2 - the transport of 

particles out the top of the bed -- will occur (Figure 3.3). At the point that such 

partide entrainment begins, the pressure dmp through the system begins ta decrease, 

and will continue to do so until aIi the particles have been rernoved (Figure 3.2). 

To determine U, for particles of inkrest hem, mmplications of major non- 

*Elutriation, or entrainment, is disnissed in Chapter 4. 
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sphexicity are again ignored. The terminal ve1ocity is sueh that the u p w d  dmg force 

fmm the fluid on an individual particle plus the particle's buoyancy in the fluid is 

equd to the downward gravitational force acting on that particle, i.e.: 

where F, is the drag foice on the partide. This drag is commonly expresseci as F, = 

CD*(plbmJ2)A where CD is the drag coefficient and A is the cmss-sectional ana of 

the particle (rd$ for a sphere) in the flow. Thus, Eq. (3.19) becomes 

Again the sphericity has been intmduced -- as was done for the case of the minimum 

fluidization velacity -- to 8ccount for minor deviations of the particles h m  spherical. 

The dmg c d c i e n t  for smooth sphem has been deterxnined t b u g h  numemus 

experiments and is a function of the Reynolds number (Re) of the flow, Figure 3.4 

(CM, Grace and Weber 1978). The significant decrease in CD at Re - 4 x 10' is due 

to a flow transition in which the wake size behind the sphere decreases and the drag 

is reduced. 

Clift e t  al. summarize twelve ernpirical relationships for CD for various ranges 

of Re that have been suggested in the 1iteratu.m. In addition, they provide 

recommended relationships for the drag m e  based on recent data. A useful 

correlation for Re < 1600 is that of Kwten et. al. (in Clift et. al. 1978): 

This, of unuse, makes Eq. (3.20) traasœndental. They &O suggest the simple 

appmximation of CD = 0.445 for 750 < Re < 3.5 x los, whkh is &dent in Figure 3.4. 



Figure 3.4: The drag co-efficient, C,, for spheres as a function of Reynolds number, 

Re (Clift, Grace and Weber 1978). 
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Typicaily, the terminal velocity is about 10' times b t  of the minimum Quidization 

velocity at low Re, while at high Re the ratio is of the order of IO. 

Using the terminal velociy as an upper bound thus provides for a range of 

fluid veloeities which pmvide the necessary pellet suspension for the gruup of fission 

core concepts considerd in this work No further atternpt is made ta narrow this 

range of mean fluid veloPty as, depending on the design in question, great variew may 

exist in the suspension requirements uf the fluid. 

3.5 Suspension Velocities 

For the system depicted in Figure 3.l(c), a different fluid velocity wili d s t  at 

several locations in the column However, to suspend the particles between the 

constridion and expansion bounds, the requisite conditions on the fluid velocity are 

as follows: 

1. U,,, > U,, in the lower column - below the constriction -- so that any intact 
particles droppiag out of the main column will be transported back into it by 

the fluid. 

2. U r U, just abme the constriction to establish a state of fluidization - as  uniform 

as possible - in the main column. 

3. U < U, just below the expansion at the top of the main column The pressure 

drop and a kmperature increase thmugh the mliimn wil l  effectively cause the 

fluid velocie to hxease, and this condition is necessary to ensure that an 

excessive n u d m  of particies wiii not be transporteci out of the column during 

normal operation. 

4. U,, < U, in the upper wlumn - above the expansion - so that any intact 



partides entrained h m  the main column will fall back into it. 

The minimum fluidization and terminai velocities can be determined for the 

three suspending fiuids considered hem - Seetion 25 - with the dominant dependence 

in each case on peiiet ciiameter given that masonable assumptions for the other 

parameters are made for a fission system. Fluid temperature, fissile particle mass 

density and pellet shape can be shown to have only minor effects on these velocities. 

Figures 3.5 and 3.6 display the regions of plausible suspension for uranium carbide 

and uranium dioxide fuel pellets, respectively, as a fitnction of pellet diameter for He, 

&O, and liquid Pb as suspending fluids. There exists, evidently, little difEerence 

between these two fiieis except for the case of liquid Pb. This is because both 23, and 

U, are a fundion of the ciifference between the mass densities of the solid and fluid 

media (Eqs. (3.12), (3.141, (3.17) and (320)). The only case in which this dxerence is 

significantly altered by switching h m  UC to UO, pellets is that for liquid Pb as the 

coolant, since its density is of the same order as the fissile fiels'. 

The boudaries of the regions in Figures 3.5 and 3.6 are determined by the 

minimum fluidization velocity, the terminal velocity, and pellet diameters that are 

deemed practical and reasonable for the suspending fluid of interest. Smaller pellets 

may becorne too diBcult to manufacture and manage, or r e q u î ~ ~  suspension velocities 

that are very small when m n s i d e ~ g  that the suspension regime is also part of a 

mht  system. Larger ciiameter pellets mquire much greater velocities for suspension 

and this can significantly reduœ the power ratio (output to input) attainable by a 

systzm3. 

For gas-cooled systems (Watanabe and Appelbaum 1991, IIarms and Kingdon 

'This power ratio is diseussed in Section 3.9. 



Pellet Suspension and Power Ratio 67 
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Figure 3.5: Mean fluid velocîties that pravide for UC fuei suspension as a function 

of pellet dimeter for suspendhg media helium gas, Iight water, and 

liquid lead. Velocities used in previous concepts are also indicated 
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Figure 3.6: Mean fluid velocities that pmvide for UO, fuel suspension as a function 

of pellet diameter for suspendhg media helium gas, light water, and 

liquid lead. Veldties used in previous concepts are also indicated 
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1993, van Dam 1996) in which heat generation occurs in patallel chme l s  or colrimnç 

of gas, the possibility of viscosity-induced flow instabilities leading ta reduced mlant 

flow in the hotter channels exists (Ludewig et. al. 1996). However, analyses have 

shown that such an instability only occm for a codant temperature ratio of (Ta, - 
T,,) / T,r 2.6. Whiie this criteria can be exceeded in the case of very high tempemtwe 

coolantç such as hydrogen for nuclear space propulsion systems as in the Nuciear 

Engine for Rocket Vehicle Application, or NERVA prograni audewig et. al. 1996, 

Holman and Pierce 1986), suspended pellet-type reactors for temtrial power 

generation are well below t b  limit and thus there is no possibility of such a viscosity- 

induced instability. Other effects such as turbulent flow in columns fed by a single 

pump may, however, need to be considered. 

In a preliminary analysis of the PSR, an average pellet diameter of 0.5 mm 

and a conesponding helium velocity of - 5 m/s were selected, based on suspension 

uniformity considerations alone (Harms and Kingdon 1993). This, dong with the 

operating points pmposed in the conceptual designs discuçsed in Section 2.2 are 

depicted in Figures 3.5 and 3.6. For the case of Taube et. al. (19861, the operating 

velocity is slightly greater than the upper boundary that was established here. This, 

however, is consistent with the feature that the Swiss design does not use pellets in 

suspension, but instead packs the fuel pellets against an upper sieve in the colitmns 

thus tequiring a velocity pa te r  than U, The only other signincant conhast is for 

the work of Watanabe and Appelbaum (1991), whose operating velocity is again too 

high compared to these caiculations. However, the system pressure given in their 

work is 1.8 MPa, which diff" significantly h m  the 5 MPa taken for the helium case 

hem. Since the Iowa pressure of such a system would Rquire a higher fluid velocity 

due to p, in Eqs. (3.17) and (3.201, this apparent discrepancy can be 8ccounted for. in 

addition, Watanak and AppeIbaum &O pmposed the use of magnetic stabilization of 
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the pellets in the column, which would further aliow for a greater fluid velocity and 

stiU provide the desired pellet suspension. 

3.6 Particle Distributions 

The effect of the mean pellet diameter, $ and the superficial gas velocity, U, 

on the distribution of pellets in the core is of considerable importance to ensure 

reasonably d o m  fluidization cham&eristics. The effkct of each quantity on the 

distribution is hem assumed to be essentially independent of the other, allowing the 

kchnology of conventional fiuidized beds to be extrapolated ta the operating regimes 

determineci in the previous section. However, the effects of these two parameters on 

suspension d o r m i &  are undoubtedly linked and further analysis must include the 

extension of traditional concepta of fluidization to the PSR application. 

To characterize the type of fluidization in the PSR, the two approaches 

discussed in Section 3.3 are empioyed. For a particle diameter of - 1 mm, Fr, a 80 

>> 0.13. and C - 1@*L, >> 100 for any reasonable height of the suspension. Thus, 

such a system would defkitely be aggregatively fluidized -- as alluded to previously - 
and subject to bubbling and extensive mking. However, due to the very high porosity 

(go%), only a minimai amount of slugging would be expected. 

During a previous development of this reactor concept, mugh upper bounds of 

d, - 1 mm and U - 10 mis were established (Harms 1993). Both were primarily to 

ensure a sufficiently uniform pellet distribution in the core for reaction control and 

susbhment to be feasible. For partides larger than 1 mm, non-dormities are faidy 

common in fluidized beds, and they obviously require large gas velocities (tens of 

me- per second) to be suspended (Figures 3.5 and 3.6). Suspending velmities of 

more than 10 m/s result in sigMficant tuxlulence and the patticle distributions become 
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very susceptible to iocalized density fluctuations - often due to the passage of large 

bubbles through the particles. Such disturbances could cause uneven fission reaction 

conditions within the core and subsequent conhm1 problems. The altemate method 

of maintaining d o m  particle distributions in the core using ferromagnetic pellets 

and magnetic fields proposed by Watanabe and Appelbaum (1991) is not incorporated 

into this study of the PSR 

The parameter and design restrictions associated with the dynsmic stability 

of the fuel system have yet to be considered in complet. detail. Recent analyses for 

the parameter ranges of interest suggest that there are, however. no fundamental 

deficiencies in the concept (van Dam 1996b; Borges and Vilhena 1995; Eskandari and 

Ghasemi-zad 1995; A . ,  Conrad, Cundy and Scheurer 1990). Pellet dynamics issues 

within the suspension regime that have k e n  modeîleci include the relaxation to a 

stable equilibrium and peiiet removd by gravi@, both s ~ c i e n t l y  rapid - on the order 

of a second - and not hampemi by collisionai proeesses ta indicate that spatial density 

variations and pellet trajectones will not cause unacceptably high reactivity changes 

mer significant spatial dimensions (Komilovsky, Kingdon and Harms 1996). Through 

the use of appropriate geometry choices, such as variable pellet sizes and slightly 

conically-shaped columns, many of the effects can be further reduced (Kornilovsky and 

Harms 1996; Sefidvash 1996). Even the effectiveness of delayed neutrons as the 

primary means of retaining reactor mntml. despite not aiways k i n g  pmduced a t  the 

same spatial location as the eomponding prompt neutrons due to the mobility of the 

pellets in the suspension, has been addressed and no fundamental problems identifieci 

(van Dam 1996a). 

Fuel pellet integritly has also been investigated, more de- of which are 

presenteà in Chapter 4. Here it is relevant to note that the manufacturing pmcess 

used to make uranium carbide pellets results in particles very resistant to damage 



from wents such as collisions with other particles or vesse! walls. 'Thus, deterioration 

of the pellets within the reactor shouId not be of primary concern. However. an 

estimate of the maximum speed of a peliet in the PSR may be necessary to design fuel 

particles or vessels capable of withstanding greater impacts. Individual particle 

velocity fluctuations withiu the freeboard of a fluidized bed have been estimated 

analytically (Pemberton and Davidson 1986) and agree with a more heuristic 

argument: since the particles are orders of magnitude tao massive to have significant 

energies due tn the bed temperature done, the maximum velocity any individual 

particle c m  achiwe must not be sigdcantly greater than the superficial gas velocity. 

T'us, for the PSR parameters detexmined above the maximum velocity of a pellet 

impacting a vesse1 wall is of the order of 10 d s ,  and the maximum relative velocity 

between two colliding particles is -20 mis. These speeds are maximums -- the 

likelihood of such collisions occurring is very rare. Regardless. pellets and columns 

should be able to withstand such impacts in order to reduce the need for quality 

contml and the added complications of particle elutriation. In actual experiments with 

a liquid fluidizing medium, the measured pellet velocities were drastically less than 

the suspending medium's mean velocity, and damage to the particles was very minor 

(Watanabe and Appelbaum 1991 ). 

If for some reason the fuel pellets do become damaged such that their size, 

shape, or composition is aitered, their corresponding terminal velocities will also 

change. For a change in composition or degradation of sphericity (shape), the change 

in terminal velkty  is f&ly small and has a negligible effect on the suspension in 

cornparison tn the extensive miring occurring in the fluidized m e .  If, however, the 

particles are damaged such that their sbe is significantly reduœd, such as breaking 

into several pieces, their terminal velocities could deerease dramatidy, multing in 

a fraction of them king carried out of the cure the flowing helium gas (Figures 3.1 
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and 3.3). For fragments which are sufficiently small, the superficial gas veiocity in the 

column above the core will aiso ex& the terminal velocity and the majority will be 

carried out of the upper ~ h a ~ d  and would have ta be filtered out of the gas s t ream 

More the helium enters any heat transfer section of the power plant, particularly if 

direct convexsion in a gas turbine is utilized. Such filtration is important so as to 

avoid damage ta devices such as heat -ers or turbines, depending on the design 

of the remainder of the power production faciiity. 

3.7 Suspension Column Geometric Considerations 

Having established the fïuid conditions in the core of a suspended pellet-type 

reactor, the size and shape of the columns can be fùrther mnsidered to optimize the 

fluidized state. While the contraction and expansion in the columns of the PSR are 

ta retain the particles within the core regime, the optimal height of this core can be 

estimated £ h m  the fluidization conditions therein. Traditional fluidized beds are 

characterized by a transport disengagement height (TDH), the vertical distance above 

the base of the bed beyond which elutriation losses becorne appmximately constant. 

While such losses would evidently be different in a PSR than conventionai beds, the 

TDH is an appmximate parameter with which to match the core height as it is an 

estimate of the amount a fned bed naturally expands based on superficial gas velocity 

and tube diameter. Matching the core height to the TDH could minimize a build-up 

or depletion of pellets near the top of the COR which in turn aids in maintainhg the 

evenness of the particle distribution. 

The most extensive correlations for TDH are given by Zenz, where the 

transport disengagement height is gken as a h t i o n  of superficial gas velocitg and 

tube diameter (Zenz 1977,1983; Zenz and Weil 1958). The vertical fiel chaxmels in 



the PSR conceptuai design have aa iaaer diameter of 20 cm, the gas velocib required 

ta suspend 1 mm diameter uranium carbide partides 11 5 d s .  Unfoxtunately, Zenz's 

correlation - nor any otber (Pemberton and Drividson 1986; Kunii and Levenspiel 

1969) -- does not encampass superficial gas velocities this m a t .  Extrapolation of the 

m e s  does however, give an estimate of 111 5 m for the TDH in the case of these 

conditions, but this is obviously just an approximation. 

The temperature of the helium gas has a minimal effect on the gas velmity 

qui red  to support the micm-pellets of fissile fuel, when considering Eqs. (3.17) and 

(3.20) a t  plausible He temperatures. Thus, the primaq restriction on the heliwn 

temperature is that it be low enough not to cause damage to the structural material 

used to contain the flowing gas. The PSR is most likely to use graphite for its vertical 

columns, and a large helium temperature rise of up ta d50-900°C is envisioned. Such 

a large AT normdly results in significant structuxai end-mnd stresses, but these may 

be dealt with in the same manner as is done for graphite channels in Spical HTGRs 

(Carnemn 1982). The good mechanical properties of graphite, even at high 

temperatures, combined with careful m a n u f ' n g  to provide a higbly isotmpic 

medium combats irradiation deformations and provides a structurally sound column 

capable of withstanding the high thermal demands placed upon it. 

Also of eonœrn is the shape of the fuel channels. As the helium gas passes up 

through the fhioning pellets it will be heated and thuç may need ta -and in order 

not to exœed the terminal ve ld& of the pellets. Ressure changes wiil generally be 

minimai compared to this nuclear heathg due to the large increase in ga3 temperature 

envisaged. The fuei charme1 diameter must inmase acmrdingly - in addition to the 

constriction and expansion bounds which define the rietutor con - in order that as 

U o r m  a distnhtion as possible be maintaineci thmughout the region. Depending 

on the outlet temperature of helium fmm the am, this tube expansion &es 
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significantly, and wiU not k mnsidered explicitly here so thst the analyses below give 

the most demanding c~nstraints on the tube's upper expansion and lower constictioa 

The constriction and expansion diameter chmges ean be established by noting 

that the fluid flow in the main column is turbulent (Re, - 2.75 x 10') and thus the 

velocity pmfile can be assumed to obey the 1P7 power law (Whitacker 1984). Further, 

as mention& previously, the fluid flow is inmrnpmsible and thus there are no densi& 

changes because of the rate of flow itself (Hingdon 1994). Fmm these considerations 

and the continuity principIe it can be shown that the pmduct of velocity and tube 

cross-sectional area will be constant. T'hua, 

where U,, ( r U,, - as per the eonstraints of Section 3.5) and D, are the average 

fluid velocity and tube diameter at the bottom - or inlet -- of the main column. 

res pectively . 

There are two considerations used ta determine the diameter of the lower tube. 

First, the gas velocity therein must be greater than the particles' terminal velwity. 

Using Eq. (3.22) with U, = U, and U, = & gives a required lower tube diameter of 

less than 6 cm for 4= 1 mm and Da = 20 m. The second eonstraint is a nuclear 

design consideration to avoid cholring of the pellets in the lower tube during a 

shutdown scenario, specificaily th& the lower tube diamekr be at Ieast ten - 
pderably up to one huncired - times greater than d, Studies involving granular 

motion have shown this to be a sufncient condition to avoid chokiag of the pellets, and 

is satisfied here as in the case above, the tube is at least sixty times larger than the 

peuet diameter. 

The temperature increase up the column of helium is assumed to be fmm 

250' C to 9ûû0 C. F m  ideal gas and incompressibilie considenitions in a simple 



cyliadricai column, it c m  be shown that 

which gives the gas velocity at the top of the core region -- or outlet - to be U,, = 5.14 

m/ç for d ,= 1 mm. 

The U, values can then be compareci to the terminal velocities of the particles 

for the reduced pressure and increased temperature at the top of the main column. 

In this case, U,= 13.6 m/s for d,= 1 mm. The general resuits show that for d, > 1.6 

mm, U,, > U, , and thus the desired operating conditions axe not satisfied. This 

further restrictç the maximum particie diameter which can be used and that will obey 

the system's suspension constraints. 

Finally, the upper tube diameter D,, can be estimated using Eq. (3.22) with 

U, s U, , for U, calculated at the pressure and temperature above the upper 

boundary. For d, = 1 mm, DG,, 2 46 cm. This is quite large simply from the point 

of view of geometry, but has been inflated by taking the gas ta be at its terminal 

velocity at the b p  of the core and by disregarding a possible conicd expansion of the 

colwnn through the core which would d u c e  t h  upper column diameter. 

3.8 Column Power Capacity 

Having determined the fluid velocities necessary for the establishment of a 

pellet suspension, a preliminary asseasment of how these velocities wodd fit into a 

fission reactor core system can be made. To estimate the possible power extraction 

from an individual suspension column - noting that the fIow of ail three of the fluids 

mnsidered is incompressible - the relation 
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where li, is the mass flow rate, AT is the temperature difference of the miant 

between the Uilet and outlet of the am, C, is the fluid's heat cap&& at constant 

pressure and R is the column radius, is utilized. 

Assuming the temperature and pmsure values used in the suspension velocity 

calculations for the three fluids investigated, a colunn diameter of 20 cm and a 

temperature increase of450 K, 50 K, and 200 K for the helium, water, and liquid lead 

cases respectively, the t h e d  power output h m  a single suspension column is of the 

order of 1 - 10 MW, when the fluids are moving at rates suitable for maintaining the 

pellet suspension, Table 3.1. These tempera- increases. and the resulting power 

outputs, are similar to those of today's remtors, especially if one ansiders perhaps a 

hundreà such coiumns making up a reactor core. 

With several quantities pertaining to the PSR now estabiished, a cornparison 

of these characteristics caa be made with the suspended pellet-type reactors discussed 

in Section 2.2 and with present-day fission remtors. In k t ,  one finds many 

sidar i t ies - especiaily between reactors with similar coulant and moderator systems 

such as the PSR and W R ,  Table 3.2. The reactor power density, fissile fuel m a s ,  

coolant temperature, and coolant flow rates of the new designs -- particularly those 

of the PSR - are generally within the range of technological experience gained with 

the present generation of fision reactors. Such similarities pmvide valuable 

calculational and operationai experience which may be c h w n  upon in the design of 

new fision reactor core concepts. 
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TabIe 3.1: Power output h m  a single vertical coiwnn for mical suspension 

velocities. 

3.9 Pellet Power Ratio 

While the coolant types, flow rates, and thermalhydrauiic parameters in 

general, indicate that the power necessary ta provide the upward coolant flow for 

suspended pellebtype reactors should be a small k t i o n  of the system's total output, 

a more detailed caldation of such is considemi hem. TO do so, a determination of the 

ratio of eiectrical power derivable h m  the fission process ta the power required to 

sustain the pellet suspension is formulateci. 

Requved L i ~ i d  
Lead Velocity (cm/s) 

l 

0.96 

9.6 

96 

For the power ratio calculations, a general suspended pellet-type fission core 

with the geometry depided in Figure 3.7 is employed. Note again that the suspending 

medium acts as the coolant but not the neutron moderator, except perbaps in the case 

of water suspension and cooling. Pelle& of mean outer diameter % -- including any 

protective coatings - are suspended in the fluid; the fissile material in the pellets 

extends to a diameter d, and has a total molecuiar weight & . The possibility of 

a central am of diameter d, in the pellets that contains non-tlseile materid, such as 

the femmagnetic material described in Watanabe and Appelbaum (1991) - or wen 

RequiTed Wahr 
Velocity ( d s )  

0.12 

1.2 

5.8 

Power Output 
(MW,) 

0.1 

1 .O 

10 

50 

Required Helium 
Velocity (m/s) 

0.45 

4.5 

45 
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Table 3 A  Cornparison of s w e d  characteristic parameters for conventional 

(Duderstadt and Hamilton 1976) and suspended pellet-type reactors. 

ver unit mass of uranium. %O,. 

'sec the List of Symbols for explanations of reactor acronyms. 

dVC 1 Tho2. W02 1 Rio,. 

Tor one module or column ody. 

PWR 

BWR' 

PHWRC 

HTGR 

'only one name of each researeh graip is used ta identay the different reactor concepts 
(the complete list is included in the corresponding reference). 

Vor one possible configuration of the PSR eoncept. 

thermal 
power 
(MW&) 

3600 

3579 

1612 

3000 

mass 
of U 

( t o ~ e )  

94,gb 

13ab 

aob 

3gd 

specifica coolant coolant codant 
power outlet temp. flow rate 

O r W h  U) temp. rise AT (R) (10' 
Tm, 

37.9 606 33 68 

25.9 

20.2 

76.9 
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Moderzi~or 
(ie: graphite, 
H,O. DIO. etc.) 

Void Fraction E 

Figure 3.7: Schematic depiction of the general column and pellet geometry used for 

the power ratio calculatioos. 
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void - is also dowed for. The v o h e  of one pellet is V, and the volume of &sile 

matend compound in one pellet is V, One entire column has a volume Y , and the 

number of pellets per eolumn is Np. Values for these and other parameters used in the 

calculations below are given in Table 3.3. Note, however, that with the exception of 

the PSR, the geometqy of Figure 3.7, the values in Table 3.3, and other subsequent 

impositions differ h m  the concepts of the various suspendeci peilet-type reactors 

previously described (Section 2.2), and so cornparison of those designs with the results 

established below must be done c-y and with the appropriate qualifications. 

3.9.2 Individual Particle Formulation 

An initial mode1 to determine a fundamental estimate of the power ratio, 

independent of a specifïc reactor design, considers a system containing only one 

suspended partide. The corresponding input power is that requireà to establish a 

sufficient mean fluid velocity for the average volume of coolant associated with each 

individual fuel pellet. Maintaining the suspending fiuid temperature at an elevated 

lwel relative ta the ambient, such as lead in a liquid state, is not acmunted for in this 

determination of the system power ratio. The kinetic energy due to the wloci& of the 

coolant - which cornes h m  the pumping system - is judged to be the dominant input 

power requirement, and so only it is considered. 

The input power, Pb, for this analysis is thus 

1 1 d 1 d P A = - P w = - - ( ~  PW ( -m,U 1) . 
'lin qtn dt 'la dt 

where P,, is the power supplied to the appropriate volume of molant by the pumping 

system, q-, is the corresponding energy in unit t h e ,  and q is the mass of the 

average volume of amlant associatecl with a single fuel pellet. The efficiency with 
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Table 5% General coliunn and pellet geometry panmeters used in the power ratio 

. 

parameter 1 numencd value- 

column height, H 1 5 m  

column diameter, D, 1 0.2 rn 

twice the pellet coating 
thickness, d, - 

non-fissile central diameter, &,, 1 O 

which electrical power is converted into pumping power, qin, is a combination of the 

efficienties of converting electrical power to mechanicd power and mechanical power 

to pumping power. With the appropriate choice of motor and purnp, this overall input 

efficiency - sometimes d e d  the "win+to-water" efficiency when water is the fluid of 

interest - can be mnservatively estimaksi to be 11 0.75 (Karassik 1 986; Warring 1 984a. 

1984b). Both q,, and q,,, - the latter of which is introduced below -- do not consider 

the effects of an entire fission power plant as no account has been made of other 

energy requirements such as those of fuelling mechanisms, quality control systems, or 

other components which may add to the power input requirements. The caldations 

here are solely to campaxe the electrical power derived from the fission system to that 

mquired to suspend the fissile fuel - the single dominant feature that distinguishes 

these new reactor cores fnnn existing rigid-fuel reactnrs. 

Sinœ the mean m l a n t  velociw is intended to remain vimLally constant 

t h u g h o u t  the column, only the mass of helium considered changes with time - 
&ectiveIy a mass flow rate. Equation (3.25) a n  thus be reduced to 
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where Np = (1 - ~1x4 = 3(1- H / (2g ), and H is the height of the suspension 

m l m  

The output power, Pm, from an individual fuel pellet is calculated h m  the 

expression for the local fission reaction rste integrated over dl neutron energies, En, 

and the fuel volume of the pellet, V,,: 

where P, is the fission power h m  one fUel pellet, and q, is the overall efficiency at 

which fission power is converted into electrical power (LI, 0.3) (Duderstadt and Hamiiton 

1976). The suitably averaged micmscopic fission mss-section of the fissile isotope is 

a,, and v, is the average mimn speed. The average nurnber density of neutrons and 

the atom density of the fissile isotope in a pellet are N, and N, respectively, and Qn 
is the average recoverable &sion energy from each fission event. Converting some of 

these quantities uito more convenient units and expressing the fissile isotope number 

density in terms of the fissile fuel mass density yieids 

where @, is the thermal neutron flux in the vicinity of the pellet; a, is now in un 

of barns, and Q', in MeV - taken here to be B', = 175 MeV. 

The quantities q and vary depending upon the moderating medium and the 

aiolant type used. For waterlco01ed and moderated systems, an average neutron 
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fission cross-section of 575 barns and an enrichment of 296 are mical Duderçtadt and 

Hamilton 1976). For graphite moderated systems the neutron spectrum is slightly 

M e r ,  and thus a, is somewhat smaller. However, heliurn cooled and graphite 

moderated systems generally also utilize more highly enriched fuel. International 

safeguards aüow up to 20% uranium enrichment which, as an extreme, wodd 

compensate for an average neutron energy shift to the order of 10's of eV - a value 

well into epithermal neutron energies and far surpassing the well moderated 

characteristics of the suspended pellebtype reactors considered here. Thuç the product 

a& is taken ta be (575 bX0.02), recognizing that for slightly less thermaiised reactors 

(i-e. graphite modmted) an inamse in fbel e ~ c h m e n t  wouid sufficiently compensate 

for the reduced fission mss-section. 

The ratio of P, to Ph-4 is shown as a fimction cf pellet diameter in Figure 3.8 

and 3.9 for UC and UO, bel, respectively. The flux-normalized power ratio is depicted 

because othemise a specinc output powet would be specified by Eq. (3.28). The ratio 

of Po, to Ph.$, also ailows for the insertion of the appropriate neutron flux for any 

particuiar reactor type or design. Typical average neutron flues in fission power 

reactors today are 1d8 - 1dg m" -se' . however, the more general formulation is 

retained to roughly compare the results for different suspending fluids. 

Note that th- is little Merence between the two fuels except for the case of 

liquid lesd, which results from the change in suspeading velocities for that fiuid 

discussed in Section 3.5. The minimwn bounds in Figures 3.8 and 3.9 correspond to 

systems operathg at  U, the upper bounds for those at U, . The power ratio's 

dependence on the size of the suspended pellets enters not only through the & factors 

in Eqs. (3.26) and (3.28). but also througb the dependence of the fluid velacity on pellet 

diameter - U, and U, - Eqs. (3.11) to (3.17) and Eqs. (3.19) to (3.21). E u h  fluid 

encompasses different areas of the figures due dominantly to these size and velocity 
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1 10 

Pellet Diameter, d (mm) 
P 

Figure 38: The flux-nomalized power ratio, PoJ(Pii4,), as a hct ion  of pellet 

diameter for the three suspendhg fluids of interest and UC fuel, as 

determineci from the initial analysis. 
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O .1 1 10 100 

Pellet Diameter, dp (mm) 

Figure 3& The flux-normalized power ratio, as a fhction of pellet 

diameter for the three suspending fluids of interest and UO, fiiel, as 

determined h m  the initial analysis. 
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dependencies, the p, factor in Eq. (3.26), and the bounds of practical pellet size that 

have ben imposed for each fluid. For all cases the power multiplication d s  10' - 
10' for typical values of the neutron flux. This preliminary analysis thus indiCates 

that al1 such systems appear capable of prwiding a suflticient power ratio to be usehl 

as a fission power reachr when operated in the appropriate regime. 

3 9.3 Entire Column Formulation 

In an attempt to obtain a more comprehensive estimate of the power ratio, a 

similar but more rigorous analysis is canied out h m  the point of view of one entire 

column in which the fuel pellets are suspended. Again, the pumping of the fluid is 

assumed to be the major power input cequirement and thus no heating of the 

suspending auid or other auxiliary power demands are considered. To estimate the 

pumping power in this case, a formulation h m  pump-engineering is used. The power 

requid for a general pumping system cm be fornulateci (Karassik 1986; Warring 

19844 1984b) as 

The head loss, A&, or net work done on a unit weight of fluid, for an average fluid 

velocity which is appmximately constant t h u g h  the colunin is given by 

where and p, are the fluid pressure at the entrance and exit from the axe column 

respectively, and z, and 3 the eonesponding elevations of these points (Figure 3.7). 
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The input power follows therefore as 

where $ is the pipe fiction factor for the case of developing turbulent flow in smooth 

pipes (Benedict 19801, approximated by 

' P 
(Re.($)) "' (y] " 

The Reynolds number based on the column diameter D, is Re, = p, SU-De /k. 

The corresponding output power for an entire column is the number of pellets 

present in one coiumn multiplieci by the output power h m  an individual pellet, Eq. 

(3.28). This output power4 is thus 

As in the first analysis, pellet diameter is the crucial parameter. The ratio of 

Pm to Ph.& is show as a function of pellet diameter in Figures 3.10 and 3.11 for UC 

and UO, fbel, respectiveiy. Again t h  is little ciifference between the kels except for 

the case of liquid lead as the suspendhg fïuid. The bounds in Figures 3.10 and 3.11 

'Note that the output power from an entire column cuuld be ealnilated with Eq. 
(3.241, eliminating the need for nuciear pmperties such as a, 5 and others. 
However, the seemingly more cornplex formulation of Eq. (3.33) was used because 
the output power h m  an inàividual pellet, Eq. (3.28). had already been evaluated 
and to extend this to an entire dumn by multiplying by the number of pellets per 
calumn, N, is even more stzaightfmward than Eq. (3.24). Both methods do, in faet, 
yield the same result for the entire eolumn formulation of the pellet power ratio. 
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Pellet Diameter, dp (mm) 

Figure 3.10: The flux-normalized power ratio, P, / as a a c t i o n  of pellet 

diameter fbit the three suspendhg fluids of interest and UC fuel, as 

determineci by the entire column formulation. 



Flux-Normalized Pellet Power Ratio, Pout/Pin (m2 5) 
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are determined in the same manner as those in Figures 3.8 and 3.9 and the 

dependence of these power ratios is again mainly detemined by the size of the 

suspended pellets, by the dependence of the suspending fluid velmity on pellet 

diametrer, and by the fluid density. This more rigorous d y s i s  leads to slightly 

reduced power ratio values. However, in di cases PJP, stiU exceeds lb - 103 for the 

typical neutron fluxes and reasonable pellet sizes discuçsed above, and thus all such 

systems still appear capable of providing the necessary power ratio for use as a fission 

power reactor. 

The two analyses discuased hem have revealed that a sufficient power ratio is 

a-le f- suspended pellet-type fission reaetnm far conceivable power production. 

However, these suitable power ratios are ody true for the pellet diameter ranges 

displayed in Figures 3.8 to 3.11. For a system using a given codant outside the ranges 

depieted therein, the ratio of PWt to Pi, may be significantly less than what is required 

for a power production facility. In addition, the pumping power for the suspending 

medium is assumed to be the dominant power demand in such a system, and no 

account has been made of additional operational requirements which will add to the 

input power and detract h m  the P,, to Ph ratio. 

For the entie column analyçis, the maximum pellet sizes which still yield a 

minimum power multiplication of IO* for a system in which the average neutron flux 

is 10" ni2-s" are, for helium gas 110 mm, and for both light water and liquid lead 

-1ûû mm. For the conditions assumed hem, larger pellet sizes, which q u i r e  larger 

fluid veloaties to be suspended, no longer possess this ratio of Pm to Ph. 

Although these calculations were applied to systems involving pellets in 

suspension, the sanie amlys& is equdïy applicable to several variations on this design 

For m p l e ,  if the fuel pellets were densely packed against an upper boundary, sueh 

as in Taube et. al, (19861, which d l o d  the transmission of the coolant but not the 
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Fuel Pellets and Ablation 

A fundamental aspect aï the PSR concept is the use of fissile fuel in the form 

of small, sphericai pellets. This chapter begim by introducing some weil developed 

examples of such pellets, and recalls several advantages and disadvantages that 

particle-kel psesses relative to conventional &el mds. 

Having considered the inherent LOCA avoidance characteristics of the PSR 

suggests the possibility that reactivity excursion accident avoidance might also be 

attained - or the &ects reduced - again without the need for active sensors or 

monitors. To provide such, the pellet k e i  is envisaged to be removed ûom the fission 

reacbr cure in the ment of an increase above normal operating temperatures through 

passive, natural mechanhm mmbining aspects of thermodynamics and 

thermahydraulics. The use of these naturai proceses simplifies the reactor system, 

and its ability ta affect reactivity excusions is here assesseci. 

4.1 Pellet Fuel 

Micro-fuel pellets consisting of fissile cores of UC, uranium dicarbide (UC,), 

UO, and o h ,  surrounded by Iayers of pyrolytic carbide (PyC) - a very hard, durable 

form of carban (C) or graphite - niobium aubide (NbC), silicon &ide (Sic), 

zirconium carbide (ZrC) or other impact and wear-resistant materiais are mutineiy 
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rnaniifiwtmd and in use M a y  (Gblf, Conrad, Cundy and Scheurer 1990; Dobranich 

and El Genk 1991; Ludewig et. al. 1996). The number of collisions that such particles 

need to endure -- with each other and with column walls - in a suspended pellet-type 

ailangement has b e n  estimatecl by Matsumoto, Ohnishi and Maeda (1978) and 

indiates that great impact durability needs to, and does, exist. Enrichment of the 

fissile fuel can easily be done with conventional technology, and has k e n  realized in 

many p~eviously manufactureù pellets. Fn addition, the advantages of pellet fuel 

discussed in Section 2.7 should be recalled. 

The primary disadvantage of &el pellets - of the sizes considered here - is the 

enormous number of particles requxred for a fission reactur. Management of the order 

of 10' particles per column poses a major challenge - albeit aot a pmblem with the 

particles themselves - that must yet be appropriately molved for the PSR to become 

a plausible fission reactor system. 

4.2 TRIS0 Micro-Fuel Particles 

The spherical micmpellets envisageci for the PSR, whose outer diameter is -1 

mm, consist of a central core of fissile fuel encased by multiple shells which accomplish 

a varie@ of hctions. Several laym immediately smunding the fuel are 

incorporated to provide both solid and gaseous fission product retention witbin the 

pellet, while the outermost sheli of the pellets consists of a hard. durable material 

which cm withstand the physieal collisional demands within the eoluma In 

co~mection with the development of high temperature reectors (HTGRs), the design 

and manufacture of fissile micro-fuel particles hm become very e n s i v e  (Powell, 

TahahaShi and Horn 1986). During their design and testing, several progressions have 

been made in the complexiQ of the particles, but the essentials remain intact, Figure 
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4.1. The acronyms BIS0 (bi-isotropie) and TRIS0 (tri-isotropie) have been coined to 

describe two versions of the pellets. 

For all pellet types, a central fiiel kernel cf U, Pu, or Th carbide or acide is 

smunded by one or more thin layers to form the fuel micro-sphere. The coatings are 

made of a variety of materials: PyC and Sic mainly for retention of fission products 

and structurai integrity (Vrilion, Carre and Proust 19881, or ZrC and NbC coatings for 

very high temperature applications such as nuclear rocket propulsion systems. In the 

latter case, the ZrC or NbC coatings are to prevent chernical reactions between the 

hydmgen coolant and the graphite, however such provisions are not necessary with a 

helium coolant at significantly lower temperatures (Bleeker, Moody and Kesaree 1993; 

Caveny 1984; Lundberg and Hobbins 1992). Thus, the Sic and/or PyC coatings are 

most relevant for use in the PSR where the inert He will not react with a carbide 

coating on a standard TRIS0 pellet. 

For the carbidôeoated pellets, testing and experimentation has shown them 

ta possess great durability and compatibility with the structural materials of the 

suspension coiumns (Ludewig et. al. 1996). These pellets have b e n  made as small as 

250 pm in diameter with good precision, and with coatings as thin as 10 - 20 pm 

(Powell, Takahashi and Horn 1986; Malloy and Rochow 1993; Aithal, Aldemir and 

Vafai 1994; Caveny 1984). Uranium e ~ c h m e n t s  of up to 20% are routinely useci, 

although very high dues  of 6 up to 96% have also been reported. 

The main purpose of the multi-layered coatings is to contain the radioactive - 
and thus hazardous - &ion products within the fuel elements, i.e. the pellets 

themselves. The inner fuel kernel provides not only the fission energy but also retains 

m a t  of the solid, shorblived fission produch so as to render their release of no concem 

pmvided that the fuel compound mains intact. The pornis M. or "bUnkr'' layer as 

it is known, adjacent to the centrai fuel k d  is to compensate for the fission-induced 
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" l taminar" 

F-ei Kernei (K. X,, %CF 'hG- JO-) a - 7% u - -. -. - 
("buiier" ayer i  

inner !sotrot% F'yC (iubswate for 

Outer I ~ O T ~ O U I C  PyC (optionai ;tructurai Iayer) 

TRIS0 - 25 pm ~ h i c k  

Figure 4.k Schematic depiction of the layered structures of BIS0 and TRIS0 fuel 

micp01partic1e5 - including sample dimelisions for the TRIS0 case - 
and one of their simple predecesmxs. 
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sd l ing  of the fissile fiiel, as well as to provide volume for the gaseous fission pmducts 

pmduced (Figure 4.1). Due to its low density, this is the only layer whoçe thickness 

cannot be controlled to great precision during manufacturing; the thickness typically 

varying by up to 15% between pellets. This b d e r  layer allows for much higher fissile 

fbel burnup than that of conventional fuel assemblies which are often limited by ke l  

swelling and the subsequent structural degradation. The next PyC layer - isotropie 

and of normal density - pnivides a substrate for the subsequent Sic layer during 

manufacturing. This Sic layer provides an excellent barrier to iodine, noble gas and 

metallic fission product reiease h m  the pellet because of a lower diflbion coefficient 

than that for PyC (Sawa, Minato, Tobita and Fukuda 1997). An outer coating of either 

silieon (Si), or more often PyC, adds a final bamer to fission product release from the 

fuel elements, ~9 weli as a stnicturai coating ta the pellet. With this layered 

cumposition, TRIS0 particles have b e n  shown to retain > 99.9% of al1 fission producta 

withia the pellets themselves, even at high bumup (Powell, Takahashi and Horn 1986; 

Aithal, Aldemir and Vafai 1994; Ahlf, Conrad, Cundy and Scheumr 1990) and high 

temperature conditions (Hejzlar, Todreas and Driscoll 1996; Kugelar and Phlippen 

1996). In addition, due to the mobility of the pellets about one another in a suspended 

artangement, the integnty of the fbel matrix m d d  be maintained, wen in 

catastrophic events such as earthquakes, more so than for fuel elements which are 

rigidly conskained within the reactur care structure. 

These pellets have been tested at power densities in the 1000's of MW/m3 range 

(Dobranich and El Genk 1991; Ludewig et. al. 1996; Bleeker, Moody and Kesaree 

19931, which greatly exceeds the requirements of any of the suspended pellet-type 

leactoIs discussed in Section 2.2 and 2.3, and surpasses the capabilities of conventionai 

fuel rods in presentday reactors. In addition, temperatures in the fissile fuel kernel 

of up to 4900 K (Ahlf et. al. 1990) have been achieved with no damage or release of 



fission pmduets, primarily due to the thin coatings. Stresses induced in the pellets - 
mainly between layers -- due to tission gas pressure, CO, gas pmsure resulting from 

the fissile burn of UO, kernels and radiation-induced shrinkage of PyC h m  fast 

neutrons has been detennined to be the primary means of pellet failure (Sawa, 

Shiozawa, Minato and Fukuda 1996). However, analyses indicate essentially no 

failures will m, men at very high temperatures, pmvided the M e r  layer thickness 

i s > 3 0 p .  

Temperature clifferences between the fuel and coolant are often fess than 10 

K, mainty because the iayers about the central fuel core are so thin, and &O because 

tbey are quite similar to one another - and the fiiel matrix itself - in tierms of thermal 

conductivity (Caveny 1984). This ailows for rapid temperature transients in the wre 

to be permitted without induchg signincant thermal stresses in the pellets. Full 

power may be attained in seconds or minutes as opposed to many minutes or hours, 

the latter time scaies being more typical of reacûm using conventional foms of reactar 

fuel. The carbide eoatings also provide excellent chernical stability in the He çoolant, 

even at high temperatureS. 

TRIS0 particles have k e n  used in thermal neutron fluxes of up to 2 x 1@' 

s", and the on-line removal and addition of particles from the teador for refuelling has 

also been considered. 

4.3 Proposed Fuel Removal Mechanism 

In the analyses below, severai of the TRIS0 pellet coatings are disregardeci and 

the centte of each pellet is ansidemi to contain just the fissile materiai for simpliaty 

in this initial study, Figure 42. The outermost shell of the pellets still eonsists of a 

hard, durable materid such as Sic which can withstand the physicai collisional 
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Figure 4A Simplification of the mdti-layered fuel particles for modelling purposes. 



demands in the suspension co1um.n~ of the reactur core. 

Of m a t  significance hem, howwer, is an additional iayer between the fuel core 

and the outer pmtective layer that consists of a material which sublimates h m  a solid 

tn a gas when its temperature rises signincantly above normal operating conditions, 

Figures 4 2  and 4.3. Recall that the PSR operates with He temperatures similar to 

HTGRs and thus "ablative" materials were selected based on coolant temperatures 

reaching up to i.900°C. The deviations From normal operation muid be natural, 

accidental -- such a s  the failure of the controi rod system, or due to a malicious 

operator who purposdy mis-uses control ancilor fiielling systems. This so-called 

ablative layer initiates a mechanism b potentially remove the firel fimm the core in the 

event of a reactivity excursion - and to thus avoid many consequences thereof - 
thraugh the foilowing sequence: A reactivity increase in the m c b r  causes an increase 

in the neutron population, subsequentfy increasing the power production within the 

centrai fuel kernel of the pellets. If power or temperature reactivity feedback effects 

chamcteristic of the reactor do not result in a net reduction in reactivity, the increased 

power production would continue to raise the fuel temperatme and that of the ablator. 

Once the sublimation temperature of the ablative material is surpassed, the ensuing 

change of phase muld generate substantial pressure b break apart the outer 

protective shell of the pellet and thus significantly change the geometnc properties of 

the suspended material (Figure 4.3). The changes in the drag force would cause some 

Fragments to elutnate' out the top of the column - those whose terminal velociw was 

reduced below that of the velocity of the coolant. Altemtively, those pellets whose 

minimum fluidization velocity is incfe8sed above the suspension velocity muld 

descend out the bottom. This fuel removal could d u c e  m e  reactivity until such time 

- 

'Elutriation will be discussed in Section 4.8. 
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Figure 4& Mematic depiction of a threelayer ablative pellet: (a) miro-fuel pellet 

with ablative l a -  and (b) reactivity excursion scenario where ablative 

layer sublimates and breaks up the particle into smaller fragments. 



that the temperature of the fuel had returned to normal, thus potentially limiting or 

&ing the excursion accident. 

As was alluded to in the previous section - and will be shown later in this 

chapter - the ablator's temperature follows b t  of the fuel very closely and thus the 

sensitivity of the ablator to temperature changes in the fuel is generally quite good. 

To break apart the outer protective layer of the pellet, however, a significant Md-up 

of pressure is likely required, and thus a good portion of the ablative material must 

exceed its sublimation temperature before this reactivity excursion avoidance 

mechanhm is invoked. While any revoiutionary fission reactor are such as the PSR 

would, essenMy by definition, possess negative power and temperature reactivity CO- 

efficients, these are based on the core as a whole - induding effects h m  the 

moderator and codant as weil as the fuel. The ablative pmcess discussed here is 

envisageci to provide an additional mitigation mec)ianism to potentially enhance the 

level of safety in the PSR against fuel temperature inmases over and above that of 

reactivity cdcients .  One design variation that has also been pmposed is that of 

tiny kernels of fuel - even smaller than the central fUeI kernel in the layered-pellet 

case considered here - embedded in an ablative host medium s m u n d e d  by the 

collision-mistant layer, Figure 4.4. While this appears more favourable in terms of 

acoomplifihing the ablation proces based on the fuel and ablator tempera- 

distributions (Korniiovsb 19961, the anaines hem are testricted to the layered 

geometry. 

4.4 Additional Reactivity Excursion Avoidance Schemes 

Prior to a pre- examination of this ablative peliet strategy, a 

camparison to other appmacb suggested fbr use in nuclear mu%mi which are simih 
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Figure 4.4: Additional re8Çtivity excursion avoidance mechanisms that have been 

sugges ted. 



to the PSR is made. One such proposal suggests miaing eiements such as tantalum 

(Ta), which have a much greater neutron absorption ms-section at elevated 

temperatures versus normal operating conditions, into the firel elements (Sefidvash 

1996). Thus, in the event of a fuel temperature increase, this Iarger neutron 

absorption would reduce reactivity to the point that temperature and other reactor 

parameters would return to nonnal. Such a design effectively renders the fitel 

temperature coefficient of reactivity more negative than it would be without the 

addition of Ta. 

Much more akin to the concept proposai here is the use of neutronically 

transparent metals - possessing appropriate melting points - which are used to aid 

in the suspension of the fuel, but would no longer do so if the temperatures were to 

increase beyond the metals' melting points. In such cases, the hel  w d d  then be 

removeci h m  the core by gravity, as oaxm in the case of a LOCA in the PSR, ta 

reduœ maclhi@ and subse~uentiy ~ t u m  operating parameters to normal (Figure 4.4). 

The metal couid potentiaily be used as supports for fuel elements "hung" in the am, 

or perhaps as "fins" or other drag-increasing modifications to sphericai fuel pellets in 

order to accomplish these suspension enhancements (Komîiovsky 1996). 

Another proposal is the use of metai blocks or "boxes" that contain the 

spherical fuel elements. The melting of these k e s  d d  result in the remowl of the 

fissile fuel fi.om the reacbr core by gravity (Goltsev et. al. 1994). Of course, aU such 

reactiviw mitigating schemes are merely an additional provision 0 negative 

temperature and power reactivit3f mfficients which, h m  a more fundamental 

standpoint, are crucial to the avoidame of reactivity m i o n  events, 



Fuel Pellets and Ablation 106 

4.5 Steady State Themal Conditions 

Exhaustive studies to detmmhe the maximum d t y  inserfion that can be 

aEected or potentially be curbed by the ablativepellet action are yet to be undertaken. 

Hem, an investigation of the heat tramfer and temperature characteristics in the 

pellets and the elutriation time scales are addressed for a simplified scenaiio tU give 

a prelhinary assessrnent of the proposed ablative pellet strategy. 

To rnodel the heat t r a d e r  and temperature development in the fuel pellets 

during a reactivity excursion, use is made of the spherical symmetry of the peliets. 

Thus, the general heat conduction equation in spherical polar cocodinates has ody a 

radial component to consider, specifically: 

where p is the mass density of the pellet material, C, its specific heat capacity, Vr,t) 

is the kmperature at a radial distance r h m  the peuet's centre at time t, k(r) is the 

thermal conductivi& of the material at radius r, and w(r,t) is the fission power density 

in the fissile fuel at radius r and time t. 

Since each pellet - and a h  the thickness of each of the coatings - is smdl, 

and s k m  the variation of thermal conductmity with temperature for the materials of 

interest is genedy fairly weak, the thermal mnductivity of each layer was taken to 

be a constant, b, over the relevant kmperature range (Table 2.3). Similarly, the 

&sion power density in the M e  fuel was also taken to be spatialiy uniform, i.e. w(t), 

i3mughout the central fiel kernel as any neutron flux variation over such a small 

dimension would be minimal, the same being true of seKshielding effects. Self'- 

shielding would, however, generally reduœ the aetual fission power output compareci 



to that rnodelled hem, and so these analyses err on the consemative çide with this 

assumption. Eq. (4.1) can thus be reduced to 

At steady state. Eq. (4.2) can be M h e r  reduced to 

where nr) is now the pellet temperature at a radial distance r from the pellet's centre 

and w is the steady state fission power density. The determination of the tempefatue 

profiles in a three layer pellet requires the solution of Eq. (4.3) in each Iayer, subject 

to the following boundary conditions: 

pellet symmetry: aT(r)/ai: = O at r = 0; (4.4a) 

temperature continuity between layers: T,(r = t ; )  = T,,, (r = ri 1, 

for i = 1, 2; (4.4b) 

heat flux continuiw between layers: 

( r - +  q+, (r=q )Br,fori=l ,2;  (4.449 

and forced convective heat transfer -%, Y& = h(T, (r = r, ) - T. 1. (4.4d) 

The fùel kemel extends to a radius r,, the ablative material to radius t, , and 

the outer pellet radius is r, (Figure 42). The thermal eonductivity of the fuel, ablator. 

and collision-resistant Iayers are k, = k,, = k, and k, = k, respective1y, and the 

heat bander Coeacient h m  the peilet sudace to the ambient fluid (helium gas) - 
which is at a temperature T, beyand the thermal boundary layer - is h. The solution 
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temperature profiles for the three regions of the pellet (subscript 1 or f - central fuel 

kernel, subscxipt 2 or a - ablator layer, and subscript 3 or c - collision-resistant layer): 

The sUrf8ce temperature of a pellet is thus T, = T(r, ) = wr 3, /(3hr : + T, . 

The heat W e r  coefficient for a single sphere in an i d n i t e  moving fluid has 

been correlateà as 

where Nu, Re, and Pr are the dimensiodess Nusselt, Reynolds, and Prandtl numbers, 

respectively (Bayazitoglu and Ozkjik: 1988). For the case of helium gas as the fluid 

moving amund the exterior of pellets of outer radius r,, this can be expanded to 

where kH, ke, ha, pH@ and Pg, are the thermal eonductivity, mess density, speed, 

viscasity and Prandtl number of helium, respectively. 

While such a heat transfer OOeffScient is applicable to isolated spheres in a 

moving fluid, it is not the most appmpriate one for the suspension conditions in the 

PSR Instead, the correlation deemed most relevant ta these anaiyses is that for 



fluidized bed heat W e r  between the particles and the fiuid. Such a heat tramfer 

coefficient is used to 8ccount for the similarities between the suspension column and 

fluidized beds: collisions between particles, the large surfme are&-tbvolume ratio for 

the source of k a t  in the column, and others. There are over a hundred correlations 

for partide-to-gas heat M e r  coefficients in fluidized beds in the literature (Leva 

1959; Zabmdski 1966; Kmii  and Levenspiel1969; Boothrayd 1971; Gupta, Chaube and 

Upadhyay 1974; B a l a k r i s h  and Pei 1975; BotteriU.1975; Pandey, Upadhyay, Gupta 

and Mishra 1978; Cheremisinoff and Cheremisinoff 1984; Bisio and Kabel 1985; 

Davidson, CliR and Harrison 1985; Geldart 1986; Pell 1990). However, at low 

Reynolds numbers many of these Vary by as much as an order of magnitude or yield 

a Nusselt number less than the theoretical minimum for a single sphere in an infinite 

stationary fluid. The resolution of this problem is outlined in Davidson et. al. (1985) 

and thus use is made of the correlation that they recommend, spenfically 

It should be noted, however, that this formulation ignores heat transferred ta 

the column walls and that by radiation, 8coounting only for thermal energy transferred 

h m  the hot pellets to the coohg gas. This simplification is valid at  normai operating 

temperatures, but not during a reactivity e x m i o n  or near sublimation temperatures. 

Such a correlation is chosen, in part, to give the most demanding conditions required 

of the fluid to ml the pellets, as radiation removes additional heat from the particles. 

Sinœ such additional heat removai wodd slow the temperature increase in the 

ablative layer and thus delay ablation, this assumption would only affect the results 

of this assessrnent if the overail reactivity excursion avoidance mechan.pim appeared 

sufficientiy rapid to be stmesshil (which is not the case, as is s h m  below). Thus, Eq. 
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(4.8) is deemed the appropriate heat transfer co-efficient correlation for this system, 

and when errpanded for the case of He gas as the cooling fluid yields 

which is used in Eq. (4.5). For ail caiculations hem, the temperature dependencies of 

the Mm gas properties - k, p, p, Pr, and C, below - are aecounted for thmghout 

(Dalle  DOM^ and Sordon 1990). 

Figure 4.5 depicts the heat transfer correlation for that of a single sphere and 

for spheres in a fluidized bed. Note that there is better heat transfer for the latter, as 

would ix expected since it represents the more agitated system which is more escient 

at the transfer of thermal energy. 

Figure 4.6 shows typicd steady state temperature pmtiles for the h e l  peUets, 

Eq. (4.5). Note the smali overall temperature drop h m  the interior of the pellets to 

their s u r f i m .  and the relatively large temperature gradient in the ablative layer. This 

will be s h o w  to have greater significance in the transient analyses of Section 4.7. 

4.6 Steady State Thermal Conditions for a Column 

Sinœ the diameter of the suspension columnd for the PSR is much Iess than 

th& height, and since radial Y81iiatiom in the pellet density or gas temperature wodd 

thus be limited to spatial extents of the order of De an estimate of the helium 

temperature as a firnction of height in the suspension columa~ was perfomed using 

a radially lumped analysis, Figure 4.7. The energy balance for the suspendkg fluid 

at steady state equates the rate of energy exbacted per unit volume h m  the peilets 
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Fi- 4.6: Steady state temperature pronles of a xnicmfuel pellet (radius of fuel core 

= 0.3 mm, thickness ofboth ablative and collision-resistant layers = 0.1 

mm). Power demities are measured with respect to the volume of the 

fuel kernel alone. Solid and dashed lines are for UEla = 3 m/s and 6 mis, 

iespectively, and a auid temperature! of T, = 5ûû0 C is assumed 
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to the rate of energy acquisition per unit volume by the fluid medium as it passes up 

thmugh the column, or 

The total s d i i c e  area of the peilets per unit voiume of the suspension column is (AJVI, 

the heat capacity of helium is C,, and z is the vertical axial dimension of the column 

with z = O taken at the bottam of the core (Figure 4.7). Cylindrical symmetry is 

assumed for the entire heigbt of the column, the tube diameter D, = 20 m, and the 

column height; H 3 m. Assuming an average void fYactîon E for the suspension, the 

surface-to-volume ratio can be shown to be 3(1 - d/r3, and thus Eq. (4.10) reduces to 

Using Eq. (4.5) to substitute for T&), and noting that T ,, = T, therein, reduces Eq. 

(4.11) tû 

The only significant dependence on He temperature on the right-hand-side of 

EQ. (4.12) is in and ailowanœ has now been made for an axiaily-dependent fission 

power density, M z ) .  

Eq. (4.12) was çolved for T,(z), given an entrance temperature T,(O), resulting 

in the temperature profiles of Figure 4.8. A constant power densi& (w(z) = W) and an 

aiEially sinusoidd power density (dz) = W*sin(zx/tf)) were both conaidered. Although 

neither is truly indicative of the axial power densi@ diskibution for the PSR, they do 
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Figure 48: Axial helium temperature profiles for a suspension column. Solid lines 

are for w(z) = W, and dashed lines are for w(z) = W4n(zx/H) in Eq. 

4 . .  The pellets have a fiel core radius of 0.3 mm, and the thickness 

of both the ablative and coUision-resistant Iayers is 0.1 mm. Power 

demi@ magnitudes 0 are rneasured with respect ta the volume ofthe 

fuel kernel alone. 
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represent two extreme cases, the actual profile lying somewhere between them. For 

either case, however, a fairly uniform helium temperature increase through the column 

exists, and for the higher power density case the temperature rise over the height of 

the are is very similar to that of HTGh. 

The lower power density of 100 MW/m3, as measured with respect to the fuel 

volume done, has been considered a minimum bound for the PSR and corresponds to 

a neutron flux of - ld7 ui2d (an order of magnitude smaller than those considered 

in Section 3.9). This indiates that a larger core (up to 45 m) is permissible, and that 

the helium temperature rise may not mach the 4 0 0  K previously considered unless 

a higher power density is allowed. A fair amount of flexibility thus exists in the 

selection of H - when appropriately combined with W - h m  a thermalhydrauiic 

standpoint, an important characteristic since pellet distribution uniformity will likely 

be the daminant determinant of column height. While a lower AT, would reduce the 

power output of each column, a total output power may still be achieved by simply 

designing a reactor with more columns, a fairly straight-forward task due to the 

modularity of each column. A lower AT, wouid also reduce the mechanical strains 

induced on the columns which nonnaily must be dealt with by using durable, high- 

quality graphite and occasionally segmentai tubes with extensive support structures 

(Liem 1996; AhIf, Conrad, Cundy and Scheurer 1990; Reutler and Lohnert 1983). 

4.7 Transient Analyses 

As a preliminary estimate of the thermal response in a pellet during a 

reactivity excursion, in particular the rate of temperature inmase in the ablative 

materid, the generai transient heat amduction equation in the radial direction for 

spherid polar cwmhates, Eq. (4.21, must be solvd The assumptions and boundaxy 



conditions used in Sections 4.5 and 4.6 are again employed, while the initial condition 

is given by the steady state temperature pmfiles, Eq. (4.5). An exponential power 

density increme in time is considered: 

where *O) is the fission power density at the omet of the excursion and z is a time 

characterizing the rate of the expanential excursion -- spec~fically the time for the 

power density to increase by a factor of e = 2.718 which is also known as the reactor 

period. 

This model results in a most aggressive time behaviour for the reactivity 

excursion, mare so than that which is most likely to ocau in an actual reactor 

(Duderstadt and Hamilton 1976). An effective neutron lifetime -- a parameter which, 

in part, detexmines r, Table 4.1 - af1o2 s is assumed, which is smaller than the value 

for an actual graphite or D20-moderated reactor. These assumptions resdt in a faster 

increase in power demie than wdd actually occur, but are deemed suacient for this 

analysis as they provide a relatively simple model which forms one limit of possible 

reactivity excursion behaviour. 

Several values for the reactor pend are considered, the corresponding neutron 

multiplication factors and reactivities given in Table 4.1. Note that only cases of p < 

0.007 are considered, since the possibilitsf that prompt criticality (p r 0.007) couid even 

occur is inconsistent with the o v e d  objective of the PSR, and the design must 

attempt to inherently exclude this possibility by other means. A much more 

comprehensive model for calculations would abo be required in suich cases. 

The resuitiag temperature histories in various Iayers of a pellet for severai 

panmeter combinations are depica in Figures 4.9 and 4.10. The t h e d  response 

of the pellets lags mticeal3ly behind the reactivity chmges, as expected. This thermal 
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Table 4.1: Reactor periods, corresponding neutmn multiplication factors and 

reactivities, based on the simple exponential model, Eq. (4.131, for an 

effective neutmn lifetime, ( = lu2 S. 

'(Duderstadt and Hamilton 1976). 

r 

lag is a consequence of the composition of the pellet h e l  and allows a period of time 

before the sublimation temperature of the ablator is reached, even in the fastest 

excursions modelled. In addition, the significance of the ablative materiai's themai  

conductivity, although not crucial during normal operation (as seen h m  the small 

temperature variation in the pellet - Figure 4.61, is brought to the fore in these 

transient d y s e s  (Figure 4.10). Sùlce the thermal conductivity of the ablator is more 

than an order of magnitude less than that of the adjacent two layers', it  acts as  a 

major barrier in heat removal h m  the pellet when the temperZ1tures rise rapidly, and 

thus a large temperature gradient develops within the ablative layer as the excursion 

proceeds. Large temperature gradients in the abIator layer may result in thermal 

stresses that are inconsistent with the fuel pellets' ability to maintain a high degree 

of integrity (Dobranich and El-Genk 1991). Thus, when seeking a material for the 

ablative layer, one which is easiiy compatible with existing layered-pellet 

manufacturing technology, which sublimes from a solid ta a gas at a ternperature il@ 

OC, and whose t h e d  conductivity is severai times las - but not ordem of magnitude 

less - than the fuel and collision-resistant materials' appears to be a desirable 

candidate. To date, ZrF, is the sole candidate investigated for such a mie. However, 

reactor period, s (s) 

neutron multiplication, 
k = eh + 1 " 

teû~ti*ty, p = (k - l)/k 
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Figure 4.9: Power density and pellet temperatun evolutions in tirne for reactivity 

excursion modelling: (a) fuel power densities given by Eq. (4.13) for 

w(0) = 100 MW/m3 for four reactor periods; (b) temperature at the 

interface between the fuel core and the ablative layer. A suspending 

fluid temperature of Th = 500°C and a mlant velocity of U, = 5 d s  

are asswned. 



Fuel Pellets and Ablation 119 

Figure 4.1& Pellet temperature evolutions in time and temperature prc6les resulting 

h m  reactivity excursion modeiling. The fuel power density is given 

by Eq. (413) for 10) = 100 MW/m3 and r = 3 S. (a) The tempenihues 

in the ablator layer of a pellet, and (b) temperature profiles in a pellet. 

A suspendhg fluid temperature of TH, = 500°C and a coolant veloeity 

of Use = 5 m/S are assumeci. Apparent straight lines are due to a 

zelatively course mesh of nodes in the numerical caiculations. 
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king an amorphous compound it may be poorly suited for such from a manufacturing 

capability perspective. In addition, its low thermal conductivity and the lack of 

investigation thereof (Section 2.5) suggest that more suitable materials need to be 

found to improve this proposed ablative pellet concept. 

The steep temperature gradient in the ablative layer is, however, advantageaus 

h m  the perçpective that the inner region of the ablator possesses nearly the same 

temperature as the fuel core at al1 times. Thus, if the fuel temperature beguis to rise, 

the temperature of the imer part of the ablative layer will foUow suit. For particle 

break-up to occur, however, a significant amount of the ablative layer will likely need 

to undergo sublimation, which will require an men greater length of time due to the 

kmperature gradient in the ablative layer. Furtber, such a signifiant thermal barria 

is not desirabIe if it is too large since, during a fast reactivity excursion and 

temperature transient imufficient heat may be removed from the pellet in an adequate 

period of time to prevent possible fiel b e l  failure or melt. 

The delay incurred as energy is absorbeci by the ablative layer while 

undergoing the phase change h m  solid ta gas has also been neglected in these 

analyses. However, such a simplifj4ng assumption, dong with ail the others used here 

- including ignoring self-shielding effeets, asswning a short effective neutmn lifetime, 

and using a stictly exganentiai mode1 for the power density exunion - tend to 
increase the rate at which ablation would act in the event of a temperature Lncrease 

so as to avoid the cons~xpences of a reactivity excursion (Duderstadt and Hamilton 

1976). Despite this, the thermal response of the pellets is s t i l l  quite sluggish - on the 

order of 10's of seconds for reactivity insertions of a reasonable magnitude. While the 

Mial power density, w(O) = la0 MW1m3 is perhaps a bit low, this has little impact on 

the thne response of the temperatures due to the ovemding influence of the 

exponential hct ion  in the excursion model. 
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The actuai thermal response in the pellets would be even slower than 

calculated here, as the mode1 has incorporated assumptions which result in excessively 

fast temperature transients. In addition, the thermai response is slower than those 

which result fiom reactivity feedback &ects, most notably that h m  the fhel 

temperature, which is most o h n  -- and for the PSR would neceçsarily be -- negative. 

Effects such as Doppler Bmadening of absorption mss-&on resonancs, which occur 

with increased fuel temperatures, reduce the fission rate more quickly and act faster 

than the proposeci ablative action Tbus, it appears as though such ablative pellets 

could, at best, only be considered as an additional provision against reactivity 

ammions. CIaims of inherent avoidance of such events in the PSR would have to be 

based primarily on the neutronics and reac t i~ ty  feedback effects rather than the 

ablative pellet action pmpased hem, d e s s  modincations to the present mnfiguration 

are subsequently introduced. 

4.8 Removal of Pellet Fragments 

The separation and removal of dXerent sized particies h m  fluidized beds is 

described by a variety of terms. Davidson et. al. (1985) use entrainment to describe 

the movement of partides from the bed to the &board (Figure 3.l(b)), and elutriation 

to describe the separation of particles by size in the freeboard. Both terms, however, 

have ais0 been used t4 describe the removal of solids h m  the column dtogether 

(Pemberton and Davidson 19861, for which Davidson et. al. use carx-y-over. For 

simplici@, in in work ail three WU be used to describe the ianoval of particles out 

the top of the suspension coltlmn. 

In the ablative pellet scheme described in Section 4.3 it was mentioned that 

some peuet fragments may descend out the bottom of the colltmns, in addition to those 



king entrainecl out the top. Only those hgments whose minimum fluidization 

velocity is increased above that of the operating velocity would leave through the 

bottom, and to do so would require a significant increase in density and sphericity to 

counteract the reduction in size which dramatically reduces the fragments' U, One 

possible example is if only the fuel a m  of the pellet remirinç, as it is highly symmeetic 

and of higher density than that of the particle layers prior ta the ablative break-up. 

However, as such m e n t s  - which would be predominantly at the top of the column 

where the temperature is highest and ablation would occur fint - descend through the 

suspension they w i l l  undergo collisions with other particles and thus take a significant 

length O€ time ta exit the column. 

It is therefore expected that the amount of core material leaving through the 

bottom wodd be quite small. Howwer, fn assess this quantitatively, detailed U, and 

U, cdculations were done for the three-layer pellets used in the heat transfer 

modelling of Sections 4.5 - 4.7 using an effective pellet density which incorporates the 

densities of al1 thme layers via 

where ri is the outer radius and pi is the mass density of the i-th layer, respectively. 

For the pellets depimed in Figure 4.2 and using the dimensions considemi in Section 

4.7, U, = 0.62 ds and U, = 7.0 d s .  Corresponding values for the fuel core fiagment 

done - with a sphdcity of 1.0 -- are U, = 0.59 mls and U,, = 7.3 ds. 

The fact that the two bounding suspension velocities remain Pirtualiy 

unchangeci is in part coincidence, as the density and sphericity increases nearfy offset 

the size reduction exact&. EEowever, this dm reveals that for the pellet and coating 
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sizes considered hem, e f f ' v e l y  no pellets muid descend out the bottom of the column 

- as U,, remains essentially unchangeci. In addition, for cases where the ablative 

action laves only the fuel mre behind, very little fisile ftiel wodd elutriate out the 

top uf the columu as U&o remRinn essentially the same. The majority of any smail 

fragments of collision-resistant material and any loose ablator material would be 

entrained, but both are of ïittle significance neutronicaliy. Thus, the concept of 

elutriation reducing the amount of fissile hel in the a m  in the event of a significant 

temperature excursion in the fuel pellets appears not to be possible, unless difîerent 

pellet dimensions - and possibly compoeitions - are mnsidered. Such changes would 

influence the suspension considerations of Chapter 3, and also the fuel management 

aspects to be discussed in Chapter 5. These findings of an hadequate amount of fhel 

remmal are consistent, however, with previous work which showed that a signifiant 

change in pellet size is requinxi for the hydrodynamic drag to change sufficiently so 

that the resulting fi.agments will leave the suspension region (Ringdon and Harms 

1996, Davidson, Clift and Harrison 1985). Thus, the thickness of the ablative Iayer 

relative to the radius of the fhel core and the outer radius of the peliet wi11 need to be 

greater than for the cases discussed hem if fbel fragments are to be removed from the 

core at dl. The break-up of the fuel am to achieve even smaller fragment dimensions, 

which would increase the amount of elutriation, is not desired as that would aiso mean 

the rehase of fission produ& h m  the fuel matrix. 

Thdore ,  m e r  calculations assume that the complete inner fùe1 are is the 

sole remaining fiagrnent foliowing ablation, and the time s a l e  on which fuel is 

entrained h m  the mre is determined fm sweral pellet layer thicknesses. EIff'tmely, 

the value of d, relative to cl,, is the crucial parameter. An equai thickness for the 

ablator and collision-resistant layes, and an outer diameter of 1 mm are imposed. 

This maintains the fluidization characteristics for normal operation near those outlined 
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previously for the PSR, but perhaps changes the required number of pellets in each 

c o l u n  - frani a neut;rionics perspective - and thus the void fraction in each mlumn. 

The neutronics can likely be compesated for more easily than the suspension aspects 

as the former are also dependent upon components such as contml rods and lattice 

pitch which are erdernal to the suspension column Ilegatdless of other implications, 

the following calculatiom are merely to idenm parameter ranges where the 

elutriation mechanism may be effective at removing fiel fimm the core, and the t h e  

sale on which this takes place. 

Any pellet fkagments reduced in size following sublimation of the ablative 

material such that their terminal velocity is less than the superficial gas velocity in 

the core region will appmximately obey the elutriation characterizutions determined 

for fluidized beds, i.e. : 

eltrtràation 
consîant for 
pcrrttcks of 
diornete+ di 

d 
Ri = -(ximb) = A xi , dt 

1 bed 
m88- 

8ectioncrl 
oreclr 

where R, is in kgs" for - the elutriation constant - in kgma* *s" (Davidson. Cl* 

and Harrison 1985). If the total mass of pellets in the bed m, does not decrease by 

more than d5%, Eq. (4.15) can be straightfmardIy solved for the fraction of particles 

of diamekr d, remaining in the bed, 

or leaving the bed, 
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where 4, is the fraction of such partides a t  a reference start t h e .  Many empirical 

correlations for the elutriation constant have been proposed, most assuming that 

carryover occurs above the transport disengagement height (TDH) and that a uniforni 

distribution of particles exists in the beà. While the latter is not hue  of the PSR, as 

the hottest pellets and thus the first to m e n t  would be near the top of the columns, 

these analyses use such a correlation to pmvide an estimate of the elutriation resulting 

fimm the pellet fragmentation pmposed in the reactivity avoidance scheme. In 

addiaon, as is shown below, there is negligible elutriation of fuel h m  the corn due to 

the geometry change of the current pellet design - a result independent of the 

elutriation constant w&h determines primarily the rate of fragment removai from the 

fluidized bed. Most correlations also concede that they are only accurate to within a 

factor of f 2-5 when U > U, For U Ç LT,, , = O by definition, although a small 

amount of elutriation may occur due to the collective action of the pellets in the 

column. This is generally minimai compareci to the fuel removal envisaged for abating 

a reactivity excursion. Here, the correlation 

where UW is the temird velocity of paxticles of diameter d, and U is the superficial 

gas velocity, is used (Colakyan and Levenspiel1984). 

Eq. (4.17) is thus solved for 04, / x,), with & evaluated h m  Eq. (4.18) and 

U,, from Eqs. (330) and (3.2121). Figure 4.11 depiets the fraction of fuel cures - and 

thus also the fraction d fissile fuel - leaving the column as a W o n  of r, and time. 
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Note that for a typical initial operathg veiocity of U = (U, + KJ2, Figure 

4.11 (a) and (b), no fiiel removal wodd even occur except for the case of 4, = 1.0 and 

H = 3, and men then ody for r, c 0.2 m. Such a pellet stnicture diaers significantly 

h m  that envisaged to date, and re-itterates that the present ablative pellets will not 

acc=omplish the desired task. The asswnption of equal thicknesses for the ablative and 

collision-resistant layers has essentially no effect on these results as the fuel core 

diameter relative to the initiai particle diameter is the major influence on the 

elutriation calculationç. If a scheme was found in which ablative action was able to 

achieve some measure of effectiveness against reactivity and temperature excursions, 

the thickness of the ablative layer would, however, need to be sufficiently large such 

that the pressure generated upon sublimation would break away enough of the 

collision-resistant matenal. 

m e r  parameters which have minor effets upon the elutriation calculations 

include the temperatures and pressures assumed for the helium gas both before and 

during the transient Alone, none has a significant impact on the size of particles 

removed h m  the c o l u n ,  although the rates of removal do Vary. When combined 

with somewhat more sensitive parameters such as H, +,, and primarily U, however, 

a notiœable effect on the size of particles which can be removed is reveded. Figure 

4.11(d) shows th& for extreme values of dl these parameters, particles whose inner 

fuel core is nearly as great as the 1 mm outer pellet diameter can st i l l  be removed by 

the elutriation mechmism. Such extrerne conditions are iinlikely, and combined with 

the mcertainw in the elutriation constant correlation, suggest that such apparent 

positive results s h d d  be qualified in some way. For the expected conditions, even 

operating initially with U = U- - a condition which ma& the entrainment 

mechamsm most successful follooping m y  change to the pellet stnicture -- yie1d.s only 

a small mount of elutriation, and O* for irregular pellets with r, c 0.2 mm, Figure 
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4SI(c). 

The time scale for a significant removal of fuel (-10's of seconds) is, much like 

the previous thermal analyses, an indication that the rate of fuel removal from a 

coliimn by the ablative action of the pellets would be quite slow, especially considering 

the desire for a rapid reversa1 of any temperature or reactivity excursion and the rate 

at which temperature coefficients of reactivity act. 

Thus, while layered pellet fuel is a well developed technology and is certainly 

advantageous for the PSR for LOCA avoidance, fission product retention, and normal 

thermal operation perspectives, the pmposed ablative mechanism for reactivity 

e x m i o n  avoidance does not appear sufficient at this point in the development of the 

PSR reactor concept. The relatively slow thermal response in the fUel pellets -- men 

for excessively fast transients in the fission power density, the slow elutriation time 

scale for expected conditions - assuming that sufEcient sublimation of the ablative 

layer generates enough pressure to break apart the outer collision-resistant layer a t  

al1 and leaves behind only the inner fuel sphere separate h m  the other fragments, 

and the need for a sigaificant difference between the fuel core radius and outer pellet 

radius for a reasonable fraction of the fissile fbel to be removed fmm the suspension 

coiumn - even at conditions optimal for elutriation such as U = U,, dl indicate that 

the ablative pellet strategy considered here will not alone be suffitient to achieve fail- 

safe characteristics against reactiviy excursions. Substantially dflerent fuel pellet 

dimensions, if s t i l i  feasible for a suspended peuet-type reactor h m  suspension and 

fuel cycle considerations, combineci with a primazy reliance on negative temperature 

and power reactivity coeffiàents amid potentially resuit in a passive mechanhm which 

has inherent safety characteristics against reacfipiy excusions, but has not yet been 

achieved a t  this point in the development of the PSR The ablative pellet approach to 

sirnpler, passive, more acceptable reactur safety - with Fespect to reactivity excusions 



-- thus appears little better than conventional provisions available at this t h e .  

The following chapter discusses fuel management procedures to help alleviate 

concerns over the dosure of the nuclear kel cycle and the disposal of its wastes. 



Chapter 5 

Waste Management and Fuel Recycling 

Fission reactors, be they for electricity generation, research, or radioisotope 

production, all produce nuclear waste - primarily in the fom of spent fuel elements. 

This spent fuel generally includes fissile nuclei that have not fissioned, fission 

products, actinides and various activation products. The waste is initially highly 

radioactive and must be stored, treated or disposed of with considerable c m .  

This chapter examines a spent fuel management scheme for the PSR (or 

potentially any other mador type) which results in a significantly reduced inventmy 

of waste material -- and reduced mdioactivity as weii - campareci with conventional 

systems, while also making more efEcient use of fissile fuel reserves and providing 

resistance ta the proliferation of nuclear materials. The spherical fuel pellets used in 

the PSR, while perhaps not ideally suited for the ablative pellet scheme discussed in 

Chapter 4 are, however, easily adaptable to the electmmfifiing £bel treatment proœss 

which is the central component of the waste management and fùel recyciing strategy 

mnsidered here. 

5.1 Conventional Waste Management Strategies 

To date there have been several approaches taken to mariage spent nuclear 

fuel. The simpkst is that of storing the used fuel assemblies in pools on-site at the 
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reactor facility. The water provides cooling and shielding for the radioactivity until 

such time - typically 1.6 yem - that the need for both has diminished sufficiently and 

the fitel bundles may be transferreà to dry storage containers. These cuncrete storage 

casks continue to pmvide cooling and shielding and may remain on-site or can be 

transportecl to a centralized facility. 

A second approach is to repmess the spent fiiel, efRxtively to separate any 

remaining uranium (ZT) or plutonium (Pu) -- perhaps for use in MOX fuel - h m  the 

rest of the waste. This is usually a cumplicated chernical process -- one example of 

which is the PURJiX (Plutonium URanium Extraction) process -- which results in 

large volumes of solid and liquid radioactive wastes which again m u t  be stored in 

appmpriatdy shielded and cooleci containers ta ensure that any emissions do not 

adversely affect the environment. 

In these or any other spent fuel management scheme, several issues arise 

which are significant concerns of the nuclear industry and the public. One f m  is the 

Iack of a final disposal strategy for the wastes -- in effect, no closure of the nuclear fuel 

cycle, since none of the containers mentioned above are intended to be the final 

repository for the wastes. Instead, most are designed only for storage piuposes until 

such time as a permanent disposal strategy is implemented. While several concepts - 
including burial of engineered cash cuntaining the spent fuel elements in deep, stable 

geological formations -- have been m i n e d ,  no final resolution has yet been provided 

which is acceptable to al1 those eonœmed. Some estimates even project that there d l  

be suffiaent spent fuel accumulated by the time any geological disposal facilie king 

considerd in the United States is built that its capacity will be wmpletely arhausted, 

leaving no space for subsequently generated spent fuel (Laidler et. al, 1997). The 

technical teQuiremen& demanded for acœptability of a waste disposal facilie uui be 

eased, however, by reducing the volume and activity of waste which requires storage 
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or àisposd, and more so by reducing the length of time for which assured isolation is 

required (see also BIix 1997). Section 5.2 describes a waste management scheme for 

the PSR which includes these very featutes. 

Additional concerns about nuclear waçte include the possibility that fisde 

materials -- in particular Pu - remaining in spent fiel  assemblies may be collected 

and diverted to groups or states which desire them for the production of weapons. 

Safeguards against this cumntly include the option not to reprocess the spent fiel and 

thus not to isolate any fissile materials from the hazardous radioactive medium in 

which they are embedded, to muse the Pu in new fuel elements so as tn buni part of 

it up, appropriate security measures at  fuel repmessing and storage facilities, and 

organizations like the International Atomic Energy Agency (IAEA) which oversees the 

monitoring, inspection and accounting of nuclear materiais around the world. Also of 

devance is the fact that disposing of spent h e l  without k t  extracthg the fissile, 

fissionable, and fertile materials is, to some, throwing away a valuable resource which 

could be used for fiture energy production or other applications. While these two 

issues tend to conflict with one another, fuel recycling via eleetm-refining -- disnissed 

below - pmvides for more efficient resource utilization without the isolation of Pu or 

highly enriched uranium and thus ensures nudear pmlifemtion is made no more - if 
not less - possible than in conventional fuel management stmtegies. 

5.2 Fuel Recycling with Electro-refîning 

An overview of the fuel management scheme pmposed for the PSR is depicted 

schematically in Figure 2.5. Fuel pellets removed h m  the reactor during nomal 

reheiîing or foilowing an abnormal ment in which they are ejeckd from the core are 

d e d  in a quality test procedure. Those which have bmed up beyond the extent 



allowed, or any which are dmmged structuraily are iemoved h m  the fuel stream, the 

rest remaining available for continued use. 

The removed pellets are directed to a pyroprocessing facility which removes 

selected neutron-absorbing fission products but retains the temainder of the fuel - 
notably al1 of the fissile and transuranic materials - for use in the manufacture of new 

fuel pellets, Figure 5.1 (Laidler et. al. 1997). Such a process can also be applied ta 

other reactor trpes as most differena in fuel composition do not significantly affect 

the electmrefirung operation - the heart of the pyroprocessing technique (McPheeters, 

Pierce and Mulcahey 1997). A doser examination of such a scheme reveals how a 

reduced volume, activity and lifetime of the wastes quiring disposal is achiwed, and 

how these features ease some of thhe problems involved with current spent fiel 

strategies. 

The main long-terrn (2500 - 1 O00 years) radiological hazards in spent nuclear 

fuel are the minor actinides' and other transuranic elements including Pu Their long 

half-lives, and the substantiai decay heat emitted by many of these species mean that 

any isolation barriers involved in a disposal concept are generally required to exhibit 

insolubility and immobiliw for -10 000 - 100 000 years, or longer. If, however, these 

long-lived isotopes were re-inserted into the reactor core until they were destroyed - 
fissioned or transmuted into more stable isotopes -- only the relatively short-lived 

( 4 0 0  years) fission products would require disposal. This reduces the time scale for 

which the isolation barriers in a waste management facility would need to remain 

intact, easing the technical requirements on any type of storage or disposal concept. 

Rather than using the expensive and somewhat cumbersome PUREX chemid 

process developed in the 1950's - and still used for the bulk of fuel reprocessing 

'Appendix A explains the element chsification krminology used hem. 
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Fresh Fuel 

Atomic Mass Number, A 

Recycled Fuei 

Electro-refining Sevaration o f  
PanicuIar Fission Products 

Figure 5.1: Schematic depiction of the composition of fresh fiel, that following 

burnup in a reactor, and what would exist after the electro-refining 

operation. 



operations today - electro-dbing is here envisaged for separating unwanted fission 

pmducts h m  the remainder of the spent fiel that will be recycled, In such a p m s ,  

high temperature (u500°C) molten-salt and molten-metal solvents are employed to 

remove over 99.9% of the U, Pu, and other transuranic elements h m  the spent fuel 

through electrolysis (Laidler e t  al. 1997). Initially developed in the 1960's for the fuel 

cycle of fast breeder reactors which require -- essentially by definition - Pu recycling, 

the electrmrehing operation recovers actinide material of which mughly 30% is 

uranium that has not yet fissioned or been transmuted via neutron capture. Most 

importanttly, a l l  such elements are removed coI1ectively as one medium, and thus th= 

is no isolation of Pu or highly enriched uranium CHEU) with the attendant nsks of 

their pmliferation. This is the main reason that some nations have chosen tn no 

longer use the PUREX procedure to r e p m s  reactor fiiel h m  cidian reacbrs. 

The eletm-refining operation t&s place in a well-shielded hot ce11 facility and 

begms by chopping up the spent fuel assemblies into çmall pieces (-6 - 7 mm). These 

are placed in a steel basket that acts as the anode in an electrolytic cell, Figure 5.2. 

For the PSR, its small fuel elements would not likely require any such size reduction, 

easing the p m s i n g  requirements for its fuel recycling system. Howwer, the pellets 

may requin some c r u s h g  to expose the fiiel kernel to the electrolyte, while the 

carbon coatings would m a i n  in the anode basket. Placing the anode and cathodes 

in a lithium chloride (LiCl) and potassium chloride (KCl) molten-salt (T, = 350°C) 

and cadmium (Cd) molten-metal (Tm, = 321°C) bath, a voltage (-1 V) is applied ta 

cornpiete the circuit. A solid steel cathode coUects essentially pure uranium, while U, 

neptunium N p ) ,  Pu, Americium (Am), Curium (Cm) and certain rare-earth fission 

pmducts - which are later separated frpm the actinides (Sakamuf8 et. al. 1998) - are 

co11ected at a liquid cadmium cathode. Tbe transport of elernents through the molten- 

sait and molten-Cd mediums has elsewhere been successfdly delleci with a 
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Anode 
Basket 

Liquid 
Solid Cadmium 

Cathode Cathode 

Figure S A  Schematic diagram of an electra-&king crucible and the pathways of 

various fission products (FPs, RE = rare earth) and transuranic (TRü') 

species CLaidler et. al. 1997). 



standard m i o n  formulation (Hoyama et. al. 1993). 

The majority of the fission products (i.e. alkali metals, alkali-earth metals and 

rare-earths) are left behind in the electmlyte salt, while s t r u c t u d  materiais and a few 

other fission pmducts (i.e. noble metals) remain in the molten-Cd layer or in the anode 

basket itself (McFarlane and Lineberry 1997; Chow, Basco, Ackerman and Johnson 

1993). Due ta the high temperature of the electrolytic bath, several species in the 

spent fuel may be volatile and evaporate. However, al1 fission product gases like 

xenon (Xe) and -ton (Kr). and m y  other gases such as tritium are captureci in the 

argon (Ar) over-gas during the e1ectrolysis operation and subsequently are recovered 

and stored for decay. The aUdi metai, alkali-earth, rare-earth and haiide fission 

products are m c t e d  h m  the electmlyte by ion exchange to form a minerai waste 

medium known as  sodalik (Nishimua, Koyama, Iizuka and Tanaka 1998). 

Synthesized in a dry process that involves no gas formation, the sodalite waste 

medium has a very low leachability, comparable even to vitrifieci waste forms. Finally, 

the actinides remaining in the salt are extracted -- again at  the cathodes - and the 

clean salt is rehirned for the next electrolysis operation (Ackerman et. al. 1997). 

Laboratory engineering-sale tests using a steel vesse1 1 m in diameter and 1 

m high at the Argonne West Laboratory in Idaho resulted in a 100% collection 

efficiency of all materials placed in the anode basket. This included 4 kg of Pu and 

other actinides at 13 g/A*hr, d kg of U and sevenil hundred parts per million of 

rare-earth fission produ- - ail at  the iiquid cadmium cathode, and 1 5  kg of U (with 

essentially nothing else) at 1415 glA-hr at the solid steel cathode. Improvements in 

the geometry of the cathodes wouid impmve the collection rates by an order of 

magnitude, and are needed for commercialization. However, this development is 

thought to be straightforward (Laidler et. al. 1997). 

Generally, the V8nous mediums extmAed h m  the spent fual are removed in 
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batches iiom the electrolytic bath when the decay heat in any section reaches the 

limits of the components therein. The cathode depmits are melted in a bigh 

temperatwe h a c e  to evaporate the cathode materials and any other impurities like 

the electrolyte salt, leaving behind metai ingots ready to be made into new fuel. All 

components of th& fuel recycling, waste disposition, and fuel manufacture system have 

been buiit and testai - some at fuü d e  - for a metal-fiielled readnr. The design for 

a complete operating facilie requires only 280 m', one ce11 with an air atmosphere (60 

m?) and a second with an Ar atmosphere (220 m2 ) (MeFarlane and Lineberry 1997). 

The entire electro-refining operation has also been teçted at an 

engineering-scaie in Japan (Koyama et. al. 1997). Following the dissolution of metal 

fuel elements the extraction of uranium on a solid cathode was achieved. The 

coilection effiuency was found to be greatly impmved by roughing the surface of t b  

cathode, and by rotating both it and the anode in the salt electrolyte. As in the 

previous work, a liquid Cd cathode was then used to extract the remaining U, Pu, and 

other actinides as one medium, some enhancement of which was accomplished by 

slightly agitating or stirring the liquid Cd. 

While the initial design and ksting of this electro-refining process was for 

metallic uranium fuel, the same procedure has been investigated - and shown ta be 

applicable -- to other forms of reactor fuel as weil, the sole notable exception bang 

alttminum-based fiels. This is because the electro-chernistry of Al interferes with that 

of the actinides. This, however, would be of no consequence in the PSR as its fuel 

elements are carbide, or perhaps oxide, compounds with Si or carbide coatings. 

Generally, the only changes requved for non-metallic heIs are in the prelhhary s t q s  

which prepare the spent fuel elements for deposition in the anode basket. For 

example, in the p m s i n g  of light water reaetor (LWRI fuel, the zircalloy cladding is 

k t  removed followed by reduction of the oxide fuel to metaîïic form by a lithium 
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reactant. The remainder of the fission produet extraction process is the same as 

previously desmibed and the lithium reactant is recovered by electrolysis pnor to the 

manufacture of new fuel element. (McPheeters, Pierce and Mdcahey 1997). It is 

assumed that similar spent fiel preparations could also be applied to make the 

operation applicable to the layered pellet fuel of the PSR 

This electro-refining procedure thus allows for better utilization of fissile, 

fissionable, and fertile resources by not disposing of any such species. h t e a d ,  ali are 

recycleci back into fbel elements and a larger fraction of these limited isotopes are 

utilized. More importantly, in doing so there is no isolation of Pu or the fissile isotopes 

of UT nor is there a build up of these or any other weapons-type materials in spent fuel 

assemblies at nuclear waate storage sites. Both factors are important in that they 

d u c e  the possibility of fissile materiais king divertecl in groups desiring them for 

non-peacefùl purposes. 

Following the electro-refining operation, the metai ingots of recyclable 

materials are used in the manufacture of new h e l  assembhes, while the wastes are 

collected and stored on-site. Because the majority of the waste is materiai with a 

haif-life of 5100 years, a t  least two options subsequently exist. Disposal in an 

engineered faciiity is possible if desired, the demands on the engineered barriers to 

prevent radioactive release less stringent as the length of time necessary for their 

reqwred integrity is signincantly reduced h m  -10 O00 years to -500 - 1000 years. 
Alternatively, since the volume and lifetime of waste is significantly reduced 

by only disposhg of a s i o n  producta and perhaps some structural materiais, the option 

of permanent on-site storage can now be considered, Figure 5.3. The volume of spent 

fuel would not become prohibitively large over time (demonstrateci in Seetion 5.5 

below), and most importantly the lifetime of the raaiological hazards would be 

Suflçiciently short for monitoring and management to be a viable option - even if the 
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ONCE-THROUGH MANAGEMENT: 

ON-SITE MANAGEMENT: 
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Figure 5.3: Conceptual cornparison of conventional once-through fuel management 

to the proposed on-site strategy employing electm-refining and fuel 

recyclirig* 

Gedogical 

fud burial 
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site were to store waste generated over severai decades or centuries. Ln addition, by 

keeping the waste on-site, any dangers associated with its transportation to a central 

disposal f ' i t y  are avoided. 

5.3 Assessrnent of Reduced Waste kiventory 

To evaluate the merits of this spent h e l  management scheme ernploying 

electro-refining and fuel recycling, a compatison of the waste stream's radioactivity 

and volume - as functions of t h e  - derived h m  such an operation is made to those 

of the conventional once-through fueI wcle (without reprocessing). Essentially the 

build-up of activity for the materials eztracted during the electro-refining operation is 

calculated, subject to mica l  operational and fiiel burnup scenarios. Removal of the 

fuel in batches following each burnup period was used for both the once-through and 

on-site calculations to avoid having any details of on-line ref'uelling unnecessarily 

complicate or obscure the results. Such calculations are intended to demonstrate a 

reduoed volume and radioactivity of the wastes, and also the shortened time sale for 

which management is necessary. 

The approach taken is tn consider a mical volume h m  within the reactor 

corn, initially with a k h  fuel loading. Foliowing operation at  a steady power density 

for a standard burn tirne, selected fission product elements are removed and replaceci 

with new fuel. AU remaining fission pmducts and ail the actinides created during the 

burnup period remain in the volume k i n g  analyseci. The buniup cycle is then 

lepeated and again remowl of certain fission product elements and top-up with fresh 

fuel oecuft (Figure 5.1). The pmcedure is ~ p e a t e d ,  and the accumulation of the 

activiw of the waste removed between each cycle is calculated Cornparison of this 

activiw accumulation with that of removing the entire unit volume foilowkg eaeh cyde 
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pmvides a measure for the reduced amount of radioactivity generated using this fiel 

management strategy veIsus that of the oncethrough approach. 

Bumup calculations are made with the Standardized Cornputet Analyses for 

Licensing Evaluation (SCALE) 4.3 code sequences, which are âistributed by the 

Radiation Safety Information and Computational Centre W C C )  and recogniçed by 

the Nuclear Regulatory Commission (NRC) of the United States as valid for reactor 

licensing requirements (RSICC Cornputer Code Collection: SCALE 4.3, 1995). An 

initial input file is created for the Safety Analysis Sequence (SAS2H) code which 

performs neutmnics caldations and generates cross-section libraries considering œ200 

distinct species. These libraries are then used along with the initial material 

concentrations by the ORIGEN-S (Oak Ridge Isotope Generation-SI code to assess the 

burnup of ~ 2 0 0 0  isotopes over the duration of the burnup cycle, Figure 5.4 (Khotylev, 

Kingdon and H m s  1997). Typical input files for the SAS2H code for the k t  burnup 

period and a b m u p  stage hundmis of years into the assessrnent are given in 

Appendix B. 

Neutronic modelling begins by considering a homogeneous distribution of pellet 

materials in a PSR suspension column. This simplification was considered suficient 

as the subsequent bumup calculations are the most important aspect of assessing the 

merits of the on-site waste management appmach. Thermalhydrauiic aspects are 

taken i n h  account by SAS2H, and ody neutronicaliy-signifiaint nuclides are included 

in the input to the neutmnics codes so as to minimize complications from the presence 

of a large number of neutronidy-insignifiant tission pmduct isotopes. 

The SCALE cmss section library identified by "27BURNITPLIB" is used for 

neutronic calculatioas. This is a 27-gmup library eomposed of 14 fast groups and 13 

thermal p u p s  (below 3 eV). The gmup st-ructure was chosen such that the neutronic 

calculations meet a criterion of A& 1 t c 0.3% when eompared with the 2lsgroup 
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Figure 5.k Simplifieci flow chart showing the sequence for burnup caldations wîth 

the SCALE 4.3 code package (RSICC Cornputer Code Collection: 

SCALE 4.3, 1995). Italics indicate the nature of the caldations 

performed during each step. 
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caldations performed by the XSDRNPM code. Tbe 27-group library has been 

extensively validated against critical experiments. Areas of validation include highly 

enriched uranium-metal, compound and solution systems, moderated low-enriched 

uranium, heterogeneous and homogeneous systems, and pIutonium metal and solution 

systems. As a result of validation it was detected that the l ibmy has a 1 to 2% 

positive bias for highly thermal '% systems and negative bias of 1 to 2% for light 

water reactor h e l  Iattices, depending on the de- of lattice moderation. 

For these investigations there are a number of reasons why this library is 

preferred to others available. The h t  is that the validated areas of the library 

inchde the reactor configurations being modelled hem. Significant neutron spectrum 

shifts, a build up of Pu, and a higher U ennchment all occur due to the on-site fuel 

management strategy and m o d e h g  of reactor operation over hundreds of years (as 

will be shown in Section 5.5 below). Also, this is a preferred library for depletion 

analysis because of the large number of nuclides that can be processecl explititly for 

use in the ORIGEN-S depIetion analysis. For the depletion analysis, libraries 

containing three-group cross sections, radioactive decay data and fission products for 

about 750 light nuclides, more than 100 actinides and more than 1000 fission products 

were utilized (H1oosterma.n and Hoogenboorn 1995 1. 

Because of changes in the nuclide concentrations, and because of the resulting 

shift in the energy spectnun cf the neutron flux, a number of cross-section sets have 

to be produced in order to caldate nuclide concentrations at the end of each burnup 

period. A standard approach in which SAS2H repeatedly passes thmugh the 

neutronic-depletion procedure was used. For the depletion computations, every burn 

period was split inta thme parts and one new cmss section set per part was 

detezmined. While SASW allows wide flexibiliity in setang the number of cmss- 

section sets, the optimum number, which ensures high acniracy and requires low 



computationai time, was chosen b m  a cornparison of caiculated results given in 

Section S2.6 of the SCALE 4.3 documentation (RSICC Cornputer Code Collection: 

SCALE 4.3, 1995). 

Once the time dependent cross section libraries for a burnup period have been 

calculateci, aiticality is determined and k, > 1.01 is required to erist for the entire 

duration of the burnup period. If it is detefmined that the reactot is not critical 

t hughou t ,  more fission pmducts have to be discharged h m  the previous fuel 

composition, and calculations for the same campaign must be repeated using the new 

tùel composition. Once the required criticality is attained, the up-dated ORIGEN-S 

cross section libraries are generated and the inventory of discharged fission products 

is determined. The former are used in calculations of incore depletion, the latter 

participate in out-of-core decay caldations. 

A typicai volume h m  within the reactor core is considered as a means to 

isolate the essentid material compositions - both in the core and in the waste stream. 

Spatially-dependent analyses that encompass an entire core becorne cumbersome and 

case specific, and could obscure the essential aspects of this study - to assess the 

effectmeness of the on-site spent fuel strategy at  reducing the activity and lifetime of 

the nuclea. was te requiring disposai -- with unnecessary details. 

Thus, as a typical volume or laaice cell, one PSR suspension column and its 

smunding structure and moderator is chosen as  reptesentative of the reactor, Figure 

5.5. Three distinct cases are treated. First, to ve* pmvious calculations (Whitlock 

19931, a heavy water moderator and purely UO, pellets are considered, Figure 5.5(i). 

The suspension column is akin to CANDU pressure hibes, Le. a doubletube amposed 

of a zirconium alloy. A second case, using more &tic materials for the PSR but 

retaining the geometric simpliciQ of the firat, b r p o r a t e s  a graphite modenitw and 

the the-layer  pellets used in the heat transfer modeliing (Figure 4.3). A third and 
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Figure 5.5: Lattice cells used to mode1 the three PSR material compositions and 

geometri layouts considerd in assessing the on-site electro-refining 

fuel management scheme. 



hai  case investigated iç one whose layout is consistent w i t h  the PSR, but for which 

operationai parameters similar to those of an HTGR are selected, Table 5.1. The 

TRIS0 micro-fuel particles of Figure 4.1 are used, and no ablative material is 

incorporated to retain consistency with HTGR fuel. Table 5.1 &O contains other 

parameters neœssary for the input files of the reactor codes, induding temperatures 

of the various cumponents for each of the three cases considered. These three cases 

are selected to encompass the primary material and geometric combinations envisaged 

for the PSR at this s a e  of its development. 

5.4 Recycling Constraints and Waste Removal Criteria 

Following each burnup period the composition of the spent fùel is examined 

and a varie@ of fission product species removed based on several criteria Fuel 

cladding and any stnictural, coohg, moderating, or contml media are not assessed in 

the burnup cdculations as only the fuel wastes are the focus of this investigation. 

Also, any radioactivity in the latter materials is typidly negligible compareci to that 

of the fuel, fission products, and actinides produced. 

Al1 gaseous swes - be they fission products such as Kr, Xe, bmmine (Br), 

cesium (Cs) or iodine (Il, or any othen such as helium (He) - are removed, as they 

escape the fuel medium during the electro-refbing operation, or oecasionally during 

normal reactor operation. Recail that those released during electro-refinuig are 

COU& in the Ar over-gas for storage and subsequent decay. Similarly, for the case 

of oxide fuel, a fraction of the oxygen is removed corresponding to the fraction of the 

d u m  which undergoes either fission or capture. This assumes that -en is 

released h m  the fuel eompound as a gas following either type of interaction 

(Tomlinson 1 997). 
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Table 5.1: Selected parameters used in the SCALE 4.3 code package ta assess the 

proposeci on-site fuel management scheme for the three PSR 

configurations depicted in Figure 5.5. 

column height (m) 

initial fiel enr ichent  

thermal power per column (MW&) 

caçe(i) 

5 

For each of the solid isotopes present in the spent fuel, a spectnim-averaged 

macroscopic absorption cross-section is calculateci dong with the radioactivity per unit 

volume of each species. Since a.ll isotopes of an element are extracted tagether in the 

electro-refinîng operation, fission pmduct elements are sequentially removed in 

ascending order of their radioactivity per unit volume until suffiCient negative 

reactiviy has been rem& and suffitient volume is emptied so that replacement with 

the fuel compound will restore the reactivity of the unit volume ta near that at the 

beginning of the burnup period While individual fission product element. are 

r e m d  one at a t h e  in the modelling, it is found that nearly dl need to be removed 

to allow for miticaiity throughout the subsequent burnup period. Only the mact 

radioactive - and thus least desirable for removal from the perspective of a reduced 

activiw in the out-ofare waste stream - are ieft in the fiiel element with the 

actinides and the fissile fuel. The added uranium is permitted, if necessary, to be 

enriched to levels greater t h  that at the begmmng of normal operation - to a 

natural 

1 .O7 
- 

a 6 

1000 

case(ii) 

5 

- - - - 

2 

1000 

length of each bumup cycle Qears) 

maximum fbel temperature (KI 

suspension çolumn material and 
temperature (H) 

moderator temoerature (KI 

case(iii) 

3 

1 2 %  

0.93 
- - - - - - 

ri 4 

2000 
- 

Zr 
563 

343 

none 

800 

1 5 %  

0.93 

-- 

none 

800 



maximum of 20% for the entire element - in order to reduce the amount of volume 

which must be freed-up by fission pmduct removal. The 20% uranium enrichment 

limit is that of the IAEA which is to prevent highly enriched uranim use - a fbel 

which cari dso be used for non-pe& applications. 

A constant volume constmint may be quantifid in a marner usefûl for data 

processing in the caldational assessment by noting that the initial volume can not 

be d e d  following each £bel management operation, Le. fission pmduct extraction 

and fresh fuel topup. Simply quiring that the total number of atoms, or the atomic 

density, be retumed to the initial value is not sufficient, since each fission event 

eventuaily replaces one uranium atom with two or more fission pmduct atoms of 

signrficantly different mass and volume. ûther transmutation mictions during reactor 

operation would fbrther complicate this balance. 

Thus, the requirement for the volume considered, V,. is 

where Vi is the volume of i-type material, i = [fissile, fertile, fission product, actinide, 

and others such as oxygen}. ObviousIy, no allowance is made for possible material 

expansion due to thermal or irradiation effets. This is for simplicity or alternatively, 

such dowance can be considered to already be a part of the initial volume eiement. 

Since = miN,, where p, is the density of a purely i-type medium and m, is 

the mass of i-type materid in the volume of interest, respectively, 

where N,' and Ni are the total number of atoms and the atom demie of the i-type 

species in the volume element, and rq, ia the mass of one atam of i-type material. 
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Here use has been made of the definition Ni = Ni' / V, . 
The constra.int on the volume element considered, Eq. (5.11, is thus reduced to 

where Ni,, is the atum density of a pureiy i-type medium, corresponding to the 

density pi. The constraint of Eq. (5.4) is satisfied for all operations where fission 

product elements are removed and replaeed by fuel pnor to the fuel volume king 

assessed in a subsequent buniup cycle. 

Since the PSR may incorporate on-line refuelling, a burnup period 

commensmte with the time for the whole core ta be refhelled - i.e. LIS-6 years (Table 

5 3 ,  depending upon the configuration considerd -- is utilized. 

5.5 Computational Results 

Sine the eledmrefining fuel sfmtegy considefed here allows for the possiblüty 

of on-site waste storage, a "site" is envisageci where energy is produced for several 

decades, perhaps even centuries. While such a location may require several 

generations of nuclear reactors over the course of this extended lifetime, the nudear 

fuel cycle would end with the relatively short-term storage of fission product wastes - 
dl within ita borders. Thus, the caldational scheme desmieci above to assess the 

effectiveness of the recycling fuel strategy proposeci is extended to several hundred 



y e m  to compare the radioactivity and volume of out~f-eore w s t e  resulting h m  thiç 

scheme with those of the once-through approach (Figure 5.3). After ml00 y e m ,  as is 

shown below, the on-site waste activity reaches its asymptotic value, while in the once- 

thmugh appmach waste activity continues to rise even afkr 400 years. 

Due to the relatively short lifetime of the fission pmduct wastes, the ratio of 

the activity of the materiais extracted f m  the fuel following any one burnup cycle of 

this scheme to that of the once-through appmach is indicative of the reduced actiPity 

ratio realized a t  ssyrilptotic values. This is because the on-site strategy leaves only 

fission products as contributors to the waste activity, and thus each addition to the 

waste stream becornes a major component thereof. The majority of the previously 

extracted materials decay away relatively quickiy. 

A listing of dl isotopes present in significant quantities (>10''' g) in the volume 

being modelled for case (ii) is given in Appendix C at selected times during the 400 

year simulation. Isotopes am oràered by d m i n g  mass following the second burnup 

cycle (after 4 y e m )  and are indicative of the results obtained for ail three cases 

considered. The depletion and top-up of hie1 species ("'U and =U) and the build up 

of di other transuranic species over time is evident in the tabulation of actinides. The 

listing of fission products provides examples of elements which are extracteci after each 

burnup period, some bumup periods, or not at all, depending upon how the conçtmints 

of Section 5.4 are met at the particular time in the buniup history. 

Figures 5.6(a), 5.7(a) and 5.8(a) depict the waste stream radioactivity per unit 

energy generakd for both the once-through and on-site waste management strategies 

for the three PSR configurations considered. The asymptotic activity ratios are 18%, 

25% and 5.396, respectmely. Ali three are indicative of the average fraction of the total 

activity extracted following each burn cycle, as intuitively predicted above. 

The acide &el case &tains a greater reduction in activity than that of case (ü) 
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Figure 5.6: Waste stream (a) activity per unit energy generated, and a) volume, for 

the on-site (10- cuive in each plot) approach as compared to the once- 

through (upper m e s )  fiel management strategy for case (il. 



Figure 5.7: Waste stream (a) activiw per unit energy generated, and (b) volume, for 

the on-site (lower curve in each plot) appmach as ampared ta the once 

through (upper cuves) fuel management strakgy for case (ii). 
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Figure 58: Waste stream (a) activity per unit energy generated, and (b) volume, for 

the on-site (lower nwe in each plot) appmach as amiparecl to the once 

thugh  (upper n w e s )  fuel management strategy for case (üi). 



in part due ta the release of O? fimm the h e l  volume following uranium fission or 

transmutation (Section 5.4). For carbide fuels, no such volume reduction exists, 

necessitating more fission product removal to the out-of-core waste stream ta allow 

fresh fuel top-up to provide the required reactivity credit. Despite this, the first two 

PSR scenarios investigated show at  least a 45-fold reduction in waste activity over the 

once-tbrough approach. Case (iii) is signtficantly better at reducing the out-of-cure 

waste due primarily to its Iong burnup cycle duration b 6  years, Table 5.1). This 

results in a larger volume of fission products which, when removeci, provide suffïcient 

volume for hel top-up to restore the reactivity. The discharged waste materials have 

a lower radioactivity than those of the corresponding discharges h m  cases (i) or (ii). 

The oscillatory character of some of the on-site cuves is a consequence of the 

step-wise procedure for fission product discharge. Due to the nature of the electro- 

tefinhg sepamtion process, each chernical elexnent can be either totally discharged 

h m  or kept within the he1 volume king modelled. This means that the total 

discharged activity may not be the same following each bwnup cycle. The oscillations 

originate h m  the method by which the w c l i n g  algorithm minimises the waste 

disposal after every cycle. if, by increasing the fuel enrichment within the allowed 

range, the algorithm cannot provide criticaiity for the reactor with a certain small 

fraction of fission products discharged, this fraction is inmased. This means that the 

activity discharged after the (N-110th campaign may be much higher or lower tiian that 

after the N-th campaign. The addition of fission ptaducts discharged aftet each 

campaign to the outsf-cote waste stream causes a discontinuous jump of accumulated 

activity, the magnitude of which depends on the radioactivity and composition of each 

new portion. A smtmth m e  would correspond to the case when an e q d  activity is 

extracteci following each campaign, but is not consistent with the nature of the fbei 

management p d m .  
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The ciifferences between the activity reduction for the three cases considerd 

are a mnsequence of the different geomebries and material compositions - for example, 

mide versus carbide fuel ampounds -- and the ability of the code sequences to capture 

the essential bumup aspects of each case to different degrees. Additional work has 

determined the corresponding waste activity, volume and lifetime reduction for PWR, 

BWR and CANDU reactor types, Table 5.2 (Khotylev, Kingdon and Harms 1997; 

Rhotylev, Kingdon, Harms and Hmgenboom 1997a; Wotylev, Kingdon, Hmms and 

Hoogenboorn 199713). Since the SCALE code package is intended primady for use 

with PWR and BWR reactm, and since it is optimized for such h m  the perspective 

of group stnicture and other componenb, the results for these two reactor types are 

most reliable. However, the weak dependence between the several types investigated 

and the flecibility of the codes to incorporate other geometries and compositions -- 
while still rnaintaining burnup records for ~2000 isotopes - yield confidence that the 

calculations for CANDU, and most importantly hem for the PSR, are reliable first- 

order estimates of the reduced waste inventory resulting fmm this on-site spent fuel 

management strategy (Khotylev, Kingdon and Harms 1997). 

The volume of out-of-eore waste accumulation for both the oncethrough and 

on-site strategies for each of the three PSR cases is depicted in Figures 5.6(b), 5.7(b) 

and 5.N'b). No esymptotic values are obtained, obviously, as the volume of waste 

material continues ta rise mer time. However, reductions by 98.7%,97.1% and 94.7% 

for cases (i)4iii), respectively, represent significant improvements over the once- 

through fuel management appmach. Today's temporary on-site storage f8Cilities. 

typically the size of a large swimming pool or two, are normdy capable of storing at 

least 10 years of spent fuel, if not more. With the eleetro-renning operation, this 

would inmase to 2200.500 yeais, or more. On-site storage of ali wastes b r n  a power 

generation "site" d d  thus be housed in a warehousôsized f a @ ,  whüe monitoring 



Table 5 2  Out-of-core waste radioactivity and volume fimm the on-site approach as 

a fraction of that of the once-through fuel management strategy for the 

PSR and other reactnr types (Khotylev, Kingdon and Harms 1997). 

(1 reactor type ( asymptotic activity fraction 1 reduced volume fraction 1 

would only be required for 1500-1000 yean due to the shorter Metirne of the prixnarily 

fission pmduct waste stream. 

An important aspect of this on-site strategy is that a number of specific fission 

products are retained in the fuel elementç during reactor operation. Following each 

burnup cycle the volume of fission products inside the fuel increases. This leads to two 

e£fécts: neutron absorption inmases and the volume available for new fuel is reduceà. 

Both intmduœ negative reactivity. Fortunately, a cornpetitme p m s  - a build 

up of new fissile nuclides including plutonium (Appendix C )  - also occurs, and this 

improves the reactivity bdance. Nevertheless, the uranium enrichment ne& to be 

increased aRer a certain number of cycles in order to maintain reactor criticality. 

Although it is difficult to make a theoretical assessrnent of the dependence of the final 

fuel enrichment with time, the general character of such can be observeci fimm the 

caldational resuits. The finai e ~ c h e n t  rises with the amount of radioactivity 

reduction. Additionally, changes in the plutonium amtent and its accumuIation are 

case (ii) 
I 

case (iii) 

PWR 
, 

0.25 

0.053 

0.20 

0.029 

0.053 
4 

0.02 - 0.04 
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also observed. This is a result of the intexaction of iùel compositions, operational 

histories and neutron energy sp- shifts. 

Calcdations presented here report waste radioactivity per unit of thermal 

energy generated, ie. in Bq/MW*year. However, this description makes no allowaace 

for the nature of the activity and simply couats events. A somewhat more useful way 

to express the esults would be to calculate the eaergy asçociated with each radioactive 

decay, which may be expressed as a fraction of the reactar thermal power. However, 

neither of these methods takes into account the biological effectç of dif5erent isotopes. 

In order to do so the concept of biological hazard potential (Steiner and Fraas 1972) 

can be used. The biological hazard potential for an isotope is usually expressed as the 

amount of air or water q u i r e d  ta dilute that isotope to maximum permissible 

concentrations As ail these methods are incorporated in the ORIGEN-S code, it is a 

straightfomard task to employ any of them for comparing ditTerent strategies or 

designs. However, an attempt to use the biological hazard potential suffers fmm the 

obvious defect that i t  assumes al1 isotopes are to be diluted at one point in time. in 

an effort to arcount for different half-lives of the many isotopes taken into account, the 

priesentation of d t s  in BqMWth.year provides a most simple and transparent figure 

of merit for cornparison. 

It is also significant to note that if one is conœrned with the amount of waste 

activity reduction far into the fûtun, which would be of importance to a strategy 

inilohring a deep geological repository, the initial waste activity reduction from any one 

cycle does not indicate the value of this approach. Instead, it is the ratio of waste 

radiOBCtiivities h m  any single cycle between the electmretining strategy and the once- 

through approach many years - perhaps even centuries - after withdrawal from the 

reaetor which disdoses the former's effeetveness. The reduction of long-tem 

radiologieal hazards and thus the lessenllig of the requirements on the barriers oeeded 



UI isolate the waste from the environment are greater in the long-term, Figure 5.9. 

The activiw of just one %abatch" of waste - that which iç genemted in one burnup cycIe 

-- reveals at Ieast a 100-fold reduction of after 400 years, compared to the -2-fold 

activity reduction after 1.150 years. 

Implications and Extensions 

Modelling of this on-site fuel management scheme has indicated a reduced 

radioactivity, volume and lifetime of nuclear waste h m  such an approach. There are, 

bowever, additional provisions which muld possibly be inarporated to fbrther increase 

itç ment. Reduction of the world's plutonium and HEU inventories could be aided by 

using their weapons stockpiles as the mFikeup material following each burnup cycle. 

This would d u c e  the need for uranium enrichment, perhaps d u c e  the amount of 

fission pmduct waste required to be removed h m  the fiiel elements so that make-up 

provides the necessary mctivity restoration, and would d u c e  these fissile inventories 

in the process. Spectmm shifts due to an increasing Pu content in the fùel should not 

be any more difficult to analyse, fundamentally, than those which result from the b d d  

up of actinides in the reactor and which are inherent in this fuel strategy. 

In addition, the volume of out-ofcore waste calculated here can be regarded 

as a maximum value. If separation of the stabIe isobpes -- fanneci following sufxicient 

decay of waste fission products -- h m  the waste strearn occurs, its volume is ttlrther 

reduced and the capacity for the on-site storage of nuclear waste is enhanced. Thus, 

the on-site electm-rehing fuel management and recycling strategy discussed here 

could potentially becorne a vital component of the nuclear fuel cycle - both for the PSR 

and other reactar types. 
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Figure S.& Activity per unit energy genenited of the waste h m  one burnup cycle 

for PSR case (KI, showing the i m a s e d  activity reduction in the 

distant fit- as compared tn the fh t  few hundred years. 





Chapter 6 

Summary and Conclusions 

The present slowdown in the world-wide expansion of fission power generation 

has, in part, suggested that new reactor designs be considered which possess more 

intrinsic safety features and other advancements. Here, such a nuclear reactur core 

concept and fuel management strategy have been proposed. Analyses have b e n  

carried out to determine the potential of attaiaiag the go& of inherent and passive 

safety against Ioss-ofamlant accidents, of limiting reactivity excursion tendencies, as 

well as closing the nuclear fuel cycle. 

The Pellet Suspension Reactor (PSR) is a revolutionary concept that does not 

have a direct predecessor  AI which refkements and improvements were made in order 

to arrive at the new design. ïnstead, an extension which parallels that of work 

involving previous fission reachr concepts and the incorporation of much of the 

expr iene  gained in the past decades of reactor design and operation are used in its 

development. 

6.1 Summary of Core Concept 

The PSR core mncept is based on the hydrodymmk suspension of fuel particles 

by an upward flowing coolant. Specifically, pellets ml mm in diameter are suspendeci 

in vertical colilmnn by pressurized helium gas, the tubes separated by an appropriate 



neutron moderating material. W~th a suffiCient gas flow rate, these pellets containing 

fissile fuel form a critical arrangement between an upper and lower bound of the core 

- d e h e d  by an expansion and contraction in the suspension columns, respectively 

(Figure 2.3). In the event that the coolant flow is interrupted, the fiiel pellets are no 

longer suspended and thus descend under the forice of gmvity alone to a subcritical and 

perpetually cooled amical annulus below the core. This fail-safe design provides LOCA 

avoidance by relying on a natwal and assured process, i.e. gravi@, rather than electm 

mechanical signals and devices which always have some finite, albeit usually small, 

pmbability of failure. in addition, the simplified means by which the safety measures 

are provided reduces both the cost and the complexity of the reactor, leading also ta 

a more transparent system. 

On-line refuelling capabilities are eonceived of for the pellet fuel by extraction 

h m  and iqiection to the suspension eolumns h m  either the side or top. The particles 

themaelves are to contain not onIy the fissile fuel, but also a layer of materid which 

sublimates h m  a solid to a gas if its temperature rises signifrcantly above normal 

operating conditions (Figure 4.3). If such a situation were to ocmr -- most likely due 

to a reactkity excursion -- this action will lead to the breakup of the pellets due to the 

pressure generated as the ablative layer undergoes sublimation. With the size and 

shape of the suspended hagments altered, the suspension conditions would no longer 

be met and the fuel will subsequently elutriate out the top of the reactor are  or 

descend out the bottom where it again wodd be collected and safely stored unal 

required Suf€îcient fuel removal is intendeci to nub the reactivity esmusion and thus 

&O any dangrnus consequemes that may arise hm such an event. These additional 

accident avoidance chmcteristics are also to be piwided by using only naturally 

assured pmcesses - in this case thermodynamics - rather than the signal-driven 

safety systemç reliecl upon in present-day reacturs. 
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The demands for permanent nuclear waste disposal considerably d u c e d  

with an on-site fiel management strategy that uses select& fission product removal 

and actinide recycling to reduce the volume, activity, and lifetime of the waste. 

Following a typicd b m u p  period, certain fission pmduct elements are electro- 

chemically removed from the fiel elements and replaced with fissile material so as to 

restore the reactivity level to that of iksh  fuel and to minimize the out-of-core waste 

r a d i d v i t y .  The removed fission products are stored on-site, while the rejuvenated 

fuel - containing all the actinides generakd during irradiation, the remaining fission 

products and make-up fissile material - is recycled for çontinued use in the reactor 

core (Figure 5.3). Since the waste stream contains only relatively short-lived fission 

pmducts -- compared to transuranic species which form the main long-term challenge 

for disposal concepts in conventionai spent fuel management schemes - its reduced 

volume, activity and lifetime allow for on-site waste storage to be a viable and 

suflCicient option to close the nuclear fixe1 cycle. In addition, none of the fissile, fertile, 

or fissionable resources are disposed of, nor does the electro-refining separation 

operation isolate Pu or 0th- weapoas' grade materials. This provides improved 

resistance to the pmliferation of nuclear materials over strategies which use 

conventional isotopic separation. 

Various aspects af the PSR have been compareci to severai anventional reactor 

types (Table 3.2) and to other suspended peiîeiitype reactor concepts which have been 

proposed in recent years (Table 2.1). This has aided the selection of appropriate 

materials for reador components and shown that the suspendedam arrangements are 

very similar to tnday's fusion reactors with respect to many neutxonic and 

thermalhydraulic characteristics including power density, coolant flow rates, 

temperatures and others. Such similarities are important since -rience gained wi th  

the reactm which have k e n  operating for the past four deades is thus transferrable 



- a t  l e s t  in part - to the newer reactor core concepts and their development. 

6.2 Analyses and Findings 

Several contributions to knowiedge have resulted h m  the work undertaken 

hem. These may be grouped according to the three main focus areas (Chapters 3-51. 

Those concerning the suspension of pellets and the related fluidization characteristics 

include the following: 

the identification of the minimum fluidization velocity and terminal velocity 

as bounds for the fluid velocity which provide for pellet suspension in vertical 

columns, and the calculation of these ranges for three codant media relevant 

to suspended pellet-type reactors; 

a the design of the open-ended suspension colwnns and characterization of the 

fluidized state therein - including aspects such as gas pressure, tube height, 

a mnical expansion, constraints on the lower and upper contraction and 

expansion, and pellet injection and removal methods - in order ta assess the 

uniformity and stability of the pellet suspension; 

formulations for and caldation of the pellet power ratio to show the energetic 

viability of suspended pellet-type fission reactors; 

the cornparison of a number of neutronic and thermalhydraulic characteristics 

of various suspended pellet-type reactors with those of present-day fission 

sysmns. 

A number of significant contributions pertaining to fuel pellets and the 

envisaged ablative action bave also been established: 

the incorporation of a temperature-sensitive layer of ablative material in the 
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fissile micro-phdes for the purpose of initiating a fuel ejection mechanism 

in the event of a significant temperature rise in the fissile material over 

normal operating conditions; 

the identification of some desirable thermal, mechanical, and nuclear 

pmperties for prelirninary ablative material candidates; 

the cornparison of thermal and elutriation time scales resulting from power 

examions in the ablative pellets with nuclear time scales, and the 

consideration of variations in pellet geometry on the effectiveness of the fiiel- 

ejection process; 

the formulation and cdcuiation of column temperature profiles and energy 

extraction capability of suspended pellet arrangements. 

Finally, some alternative fuel recycling and waste management strategies of 

considerable promise have been considered, which include: 

the conceptualization of seleckd fission pmduct removal from spent nuclear 

fuel and complete actinide recyciing in order to reduce the radioactivity, 

volume and Wetime of waste rquiring disposal and to render on-site storage 

a sufiïcient means of closing the fuel cycle; 

the formulation of conskaints on the particular fission product removal such 

as complete gas attraction, minimal radioactive discharge to the waste stream, 

volume restrictions and the imposition of a maximum enrichment resulting 

h m  actinide recycling and b h  fuel top-up; 

the assessrnent of the on-site scheme by repeated burnup stages and recyciing 

operations - using simulations which aaount for the accumulation, bumup 

and decay dm2000 isobpes - over several centuries ta determine the reduœd 

outi,f<ore waste radiomtiviw, volume and lifetime as camp& to the 



conventionai once-through fuel management approach. 

6.3 Conclusions 

Many specific safety principles and advancements have been suggested for the 

generation of fission reactor cores, some of which are outhed in Chapters 1 and 

2. The Pellet Suspension Reactor (PSR) investigated here (Figure 2.5) is designed to 

possesses several of these improvements, including fail-safe characteristics with 

respect to Ioss-of'oolant accidents which are transparent even to the non-specialist. 

Also, the reduction of reactivity excursion effects and the closure of the nuclear fbel 

cycle on-site - without the need for permanent waste disposal - are desired. Al1 such 

provisions are intended to assure that no significant radioactive release to the 

biosphere or reformation of a critical mass murs. 

Inherent loss-of-coolant accident (LOCA) avoidance is achieved by using the 

natural action of gravity to remove the fuel frrnn the oore to a perpetuaiïy cooled and 

sub-criticd geometry in the event of a dismption fimm II& mlaa t  flow conditions. 

In addition, this passive fail-safe action leaves the reactor in a state h m  which re- 

start can be accomplished almost immediately. 

The ablative peliet provision is to limit redvity excursion tendencies thmugh 

thermodynamic efkcts alone in the present configuration However, due in part to the 

amorphous nature of the ablative material chosen the c m n t  design may not be the 

optimal configuration for this task Further analyses are Rquired for the 

identification of better suited materiais, the acquisition of improved material data, the 

investigation of more appmpnate pellet struEtures that are still consistent with a 

pellet suspension, and a more comprehensive analysis of the proposeci accident 

avoidance medianism in order to M e r  reduce adverse reactivitu exCuRion effects. 
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The PSR's fuel management strategy examineci hm d o m  for hel  

rnanufacturing, testing, re-cycling, and long-term waste storage all to be accomplished 

at the power production site since a signifiant reduction in the waste stream volume, 

radioactivity, and lifetime - when cwipared to the present once-through fiel 

management appmach - is achieved. This also reduces the transportation 

requiztments compared to those of reacbr fuel fabrication techniques used today, and 

as with all aspects of the PSR, utilizes only &ting or near-term technology. 

The PSR concept thus poçsesses characteristics suitable for a second generation 

of fission reacMrs. Fmm the work cunducted to date, it appears that al1 aspects of the 

design warrant more detailed analyses and hrther development. 





Appendix A 

Terminology 

Several terms referring to groups of elements in the Periodic Table which are 

used in the description of the on-site spent fiel management strategy and electro- 

refining procedues presented in Chapter 5 are defined in Figure Al. 



Figure kl: Terms referring ta groups of elements in the Periodic Table used to 

desmih parts of the electmmhhg operation for the fuel management 

scheme of Chapter 5. 
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Typical SCALE Input Files 

The SCALE input file for the f h t  buniup period of case (ii) is given in Figure 

B.1. I t  includes a list of the isotopes and elements initially present in the volume 

king analyseci, their atomic densities ( 1 0 ~ ~ . r n ' ~  -- calculated based on a homogeneous 

distribution of pellets within the suspeusion mlumn), and the temperature (K) of each 

The fluorine in the ablative material of the pellets (Zr&) is not listed as it is of little 

significance neutronically. Also given are geometric parameters of the suspension 

colllmn and the s m u n d i n g  media which form the ce11 king assessed, and the buniup 

history data for the three year cycle. 

A simila. input file for a burnup cyde many years into the calculationai 

assessrnent of case (ii) in Chapter 5 is given in Figure B.2. Note that it is the same 

as that in Figure B.l except for the addition of several neutronically significant 

actinides and fission products which are now a part of the volume being assesseci due 

to the recycling aspect of the on-site strategy. For each isotope, its mass in gram and 

a volume correction factor are aven which allow the code to calculate the atomic 

density for each. As in Figure B.1, the temperature for each isotope is &O given, 

along with geometric pmperties of the ceU and data for the three year b m p  history. 
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=SAS2 P M =  ' OLDSAS2, SKIPSHIPDATA ' 
SAS2 PSR f irs t  s t a r t  
r 

MIXTURES OF FUEL-PIN-UNIT-CELL: 

27BURNUPLIB LATTICECELL 
C 1 O 3.06e-3 
SI 1 O 2.36e-3 
ZR 1 O 4.72e-4 
U-234 1 O 3.9000e-8 
U-235 1 O 1.400e-5 
U-238 1 O 6.950e-4 
C 2 O 8.8392e-2 
C 3 O 8.8392e-2 

I 

1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
800 END 
800 END 

1 FUEL-P IN-CELL GEOMETRY : 
1 

SQUAREPITCH 26.50 20.00 1 3 22.0 2 
1 

f ASSEMBLY AND CYCLE PARAMETERS: 
1 

NPIN/ASSM=l FUELNGTH=500.0 NCYCLES=3 
PRINTLEVEL=7 LIGHTEL=l INPLEVEL=l END 
t . .THESE MIXTURES & RADII 
1 

POWER=0.93 BuRN= 230 D O W =  15 END 
POWER=0.93 BURN= 225 D O W =  15.5 END 
POWER=0.93 BuRN= 215 DOWN- 30 END 

TI 0.01 

END 
END 

END 

- - -  

Figure Bk SCALE input file for the first bunip period of case (ii) of the fuel 

management scheme assessrnent in Chapter 5. 



27BURNUPLIB 
PA-233 

U-233 
U-234 
U-236 

NP-237 
PU-2 3  8 
PU-239 
PU-240 
PU-2 4 1  
PU-242 
AM-2 4 1 
AM-2 4 3  
CM-24 4 

C-12 
U-235 
U-23 8 

ZR-90 
ZR- 9  1 
ZR-92 
ZR-93 
ZR-94 
ZR-95 
ZR-96 
RU- 9  9 
RU-100 
RU-101 
RU-102 
RU-103 
RU-104 
RU-106 
RH-103 
RH-105 
CE-140 
CE-141 
CE-142 
CE-143 
CE-144 
PM-147 

=SAS2 PARM='OLDSASS,SKIPSHIPDATA 
1 404 YEARS a t  the  begining of the cyc 

LATTICECELL 
1 DEN= 5.40000E-05 
1 DEN= 2.54000E-02 
I DEN= 8.05000E+02 
1 DEN= 1.08000E+04 
i DEN= i.2i00GE+03 
1 DEN= 2.51000E+03 
1 DEN= 8.09000E+02 
1 DEN= 3.09000E+02 
1 DEN= 2.92000E+02 
1 DEN= 8 .51000E+01  
1 DEN= 1 .04000E+02  
1 DEN= 1.05000E+O2 
1 DEN= 1.33000E+02 
1 DEN= 1.10538E+03 
1 DEN= 6.39116E+03 
1 DEN= 3 .940003+03  
1 DEN= 3.28000E+00 
1 DEN= 4.64000E+01 
1 DEN= 4.86000E+OI 
1 DEN= 3.53000E+01 
1 DEN= 5.67000E+01 
I DEN= 1.42000E+00 
1 DEN= 5 .79000E+01  
1 DEN= 3.06OOOE-03 
1 DEN= 2.16000E+00 
1 DEN= 7 ,72000E+01  
I DEN= 7.82000E+OI 
1 DEN= 5.23000E-01 
1 DEN= 4.73000E+01 
1 DEN= 2.980003+00 
1 DEN= 1.12000E+O2 
1 DEN= 1.60000E-08 
1 DEN= 4.600003+03 
1 DEN= 7.63000E-01 
1 DEN= 4.06000E+03 
1 DEN= 1.69000E-08 
1 DEN= 9.99000E+00 
1 DEN= 1 .08000E+01  

1000 END 
1000 END 
1000 END 
1000 END 
i000 CND 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
'1000 END 
1000  END 
1000 END 
1000 END 
1000  END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 
1000 END 

Figure B.% SCALE input file for a burnup period many yeam into the assessrnent 

of the fuel management scheme of Chapter 5 for case (ii). 



PM-148 1 DEN= 5.82000E-04 6.370e-6 1000 END 
PM-149 1 DEN= 2.OSOOOE-06 6.370e-6 1000 END 
PM-151 1 DEN= 1,20000E-10 6.370e-6 1000 END 
SI 1 O 2.36e-3 1000 END 
ZR 1 O 4.72e-4 1000 END 
C 2 O 8.8392e-2 800 END 
C 3 O 8.8392e-2 800 END 

1 

I - - - - - - - - - - - - - - - - - - - - - - - - - - -  

END COMP 
1 

1 FUEL-PIN-CELL GEOMETRY: 
t 

SQUAREPITCH 26.50 20.00 1 3 22.0 2 END 
1 

1 ASSEMBLY AND CYCLE PARAMETERS: 
1 

NPIN/ASSM=l FUELNGTH=500.0 NCYCLES=3 NLIB/CYC=l 
PRINTLEVEL-7 LIGHTEL=l INPLEVEL=l END 
1 . .THESE MIXTURES & RAD11 
1 

POWER=O. 93 BuRN= 230 DOWN= 1 5  END 
POWER=O.93 BuRN= 225 D O W =  15.5 END 
POWER=O.93 BURN= 215 DOWN= 30 END 

TI 0.01 

END 
END 

Figure Bâ (continueci) SCALE input file for a burnup period may years into the 

assessrnent of the fuel management scheme of Chapter 5 for case (ii). 



Appendix C 

Isotope Listings 

The bumup caiculations in Chapter 5 - spanning several hundred y e m  -- 
which assess the effectiveness of the on-site spent fuel management approach as 

mmpared to the once-through fuel strakgy take into m o u n t  m2000 isotopes. Listings 

of al1 the isotopes remaining in the volume element of case (ii) whose masses are 

mater than 10'~' g are induded here for selected times. Table C.1 includes the 

actinides in decreasing order of mass following the second b m u p  stage, i.e. after 4 

years. The notation 4- refers to the time immediately f0110wing the fourth year of 

bumup calculations, whereas 4+ includes the subsequent process of selected fission 

product removal and fissile fiel top-up. Thus, al1 the species in Table C.1 atxumulate 

over time with the exception of and "W. These fuel species deplete during e u h  

bumup stage and are replenished - to verying degrees due to the changmg enrichment 

-- during the electro-refining and recycling operation. Other fissile isotopes such as 

"Pu accumulate less rapidly as they are aiso depleted due to fission, however this 

effect is not distinguishable in the reduced data included here. 

Table C.2 similarly lists fission products in descending order of abundance 

foliowing the second burnup cycle. The highlighted isotopes are of elements which are 

atraEted following eaeh burnup campaign ("a), some burnup campaigns CmRu), and 

no burnup campaigns ('"%O, respectively. T'hem are, evidently, many examples of 

each case in Table (2.2. 



Table CA Mass (in grams) of the most abundant actinide species remaining in the 

volume element of case (ii) at selected times during the burnup 

cakulations of Chapter 5. See page 177 for further explanation. 
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Table C.1: (continuecl). 



Table C A  2:s (in gr-) of the most abundant fission pmducts remaining in the 

volume element of case (ii) at selected times during the bumup 

cahlations of Chapter 5. See page 177 for Wher explanation. 
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Table C.2: (continuedl 



Table C.2= (continued) 



Table C.2: (continuedl 
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