OPTIMISATION OF THE GASCOOLED FAST REACTOR FOR
PLUTONIUM AND MINOR ACTINIDE MANAGEMENT

T D Newton and P J Smith
AEA Technology plc
Winfrith, Dorset, England
tim.newton@aest.co.uk ; peter.j.smith@aeat.co.uk

SJCrosdey
BNFL plc
Springfields, Lancashire, England
steven.j.crosdey@bnfl.com

R E Sunderland
NNC Ltd
Booths Hall, Cheshire, England
richard.sunderland@nnc.co.uk

ABSTRACT

Previous studies, based on the extensive UK experience with AGR technology, have demongtrated the
feaghility of the gas cooled fagt reactor (GCFR) to satisfy the design requirements envisaged for alarge
commercid liquid metal fast breeder reactor (EFR). Current LMFBR design studies, as given by the
frame work of the CAPRA/CADRA project, are targeted to the effective management of plutonium and
minor actinide stockpiles. The CAPRA reference oxide core design has shown that this objective can be
reedily achieved in a commercia scale sodium cooled fast reactor. However, an important limitation
exigs in this type of system due to the potentia degeneration of the core safety parameters, and in

particular the sodium void coefficient, when a wide variety of plutonium and minor actinide fuds are
utilised.



The GCFR offers ggnificantly improved opportunities for both plutonium and minor actinide
consumption due to its low density gas coolant which provides a harder neutron spectrum. An additional
benefit is the increased flexibility afforded by the negligible coolant void coefficient and thus the
possihility to use awider variety of plutonium and minor actinide fuels. To demondrate the feasibility of
the GCFR concept to satisfy current fast reactor design requirements studies have been undertaken to
develop a viable GCFR fud sub-assembly and core design. Therma hydraulic and core performance
caculations have been caried out and the results are presented and discussed in this paper. An
illugtration is dso provided of the increased flexibility associated with this reactor concept.

1. INTRODUCTION

The studies presented in this paper demongtrate the possibility of using a gas cooled fast reactor to
effectivdly manage plutonium and minor actinide stockpiles, while aso showing the increased flexibility
associated with this type of core concept when compared to existing sodium cooled fast reactor core
designs, such as those developed within the framework of the CAPRA/CADRA® project. The origins of
thiswork are based on areview?” of the extensive UK experience with Advanced Gas Reactors (AGR'S)
which summarised the relevance of the different innovative concepts of AGR technology which could be
adapted to meet the aims of more conventiona sodium cooled fast reactor development. More recently
the GCFR concept has been reviewed againgt the requirements of the EFR®*® project. One of the
principal advantages of the gas cooled fast reactor concept has been identified to be the improved
opportunity for the irradiation of poor quality plutonium and minor actinide fuels. This point relates to a
maor condraint imposed on the utilisation of sodium cooled fast reactors associated with the
degeneration of the core safety parameters, and in particular the sodium void coefficient, when degraded
plutonium fuds are utilised. The negligible coolant void coefficient in the gas cooled fast reactor ensures
that the adverse effect on the core safety characteristics will be less severe. Another advantage of the
low density coolant in gas cooled fast reactors, in this case CO; , is the absence of neutron scattering in
sodium and the consequent softening of the neutron spectrum. The harder neutron spectrum means that
the gas cooled fast reactor is more able to satisfy the current demands for the effective transmutation of
the higher plutonium and minor actinide isotopes as well as certain long lived fisson products. In addition
there are economic and safety advantages of using a coolant such as CO, which is commonly available
and has fewer coolant handling problems than the more reactive sodium which requires specidist
handling and disposdl.

The preiminary review of AGR technology concluded that the gas cooled fast reactor fud pin and sub-
assembly concept is very similar to that of exigting sodium cooled cores, for example as given by the
EFR design. However, as CO, is a poorer hest transfer medium than sodium it was recommended that a
larger pin spacing, and consequently a lower fue rating, hence requiring a consderably increased core
volume, would be necessary in order to meet existing sodium cooled fast reactor design requirements.
Hence an initid commercially sized gas cooled fast reactor core design was proposed, based on EFR
design criteria, which demonstrated the feasibility of the gas cooled fast reactor concept.



Since these initid studies fast reactor options have evolved consderably from those typified by the EFR
project, where the am was to breed plutonium, to those today where the god is to use fast reactors in
an effective manner to reduce plutonium and minor actinide stockpiles. Hence this paper presents work
that has been carried out to study a feasible gas cooled fast reactor design that satisfies the current
requirements for the flexible management of plutonium stockpiles whilst remaining within the congtraints
imposed by existing conventiond technology. The thermd hydraulic and neutronics performance of the
proposed core design are presented and discussed. In addition, a demongration of the flexibility of the
core design to utilise awide range of plutonium fuesis aso provided.

2. BASIC CORE DESCRIPTION

The basis of the present work is the demonstration of a feasible design for a gas cooled fast reactor asa
generator of dectricity having asimilar power output to that of a conventional commercialy szed sodium
cooled fast reactor while dso meeting the same limitations on core desgn criteria and safety
requirements. CO: is less effective than sodium as a heat trandfer medium and S0 alarger pin spacing is
required in order to satiy the same design limiting criteria, which in turn results in a reduced fud rating.
Thus the basic core design was sized to accommodate as closdly as possible the anticipated number of
sub-assemblies required to satisfy the required power output while remaining within the CO, based fuel
rating criteria. The proposed GCFR boiler design and the limitations imposed by existing fast reactor fuel
technology have resulted in a core inlet and mixed mean core outlet temperature of 252C and 525C
respectively with a coolant inlet pressure of 42 bar.
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Figure 1. Basic Layout for the Gas Cooled Fast Reactor Core Design



In common with comparable sodium cooled fast reactor core designs, the gas cooled fast reactor core
has a thermd output of 3600 MWth with a load factor of 80%. The reactor is assumed to have a net
thermd efficiency of ~40% which therefore provides an eectricd output of ~1400 MWe. As the core
height is not condrained by limitations imposed by the coolant void coefficient, asin the casein a sodium
cooled fast reactor, a core height of 1.5m has been chosen. Based on these assumptions, the gas
cooled fast reactor core layout assumed for dl of the core configurations examined during the current
dudiesis shown in Figure 1.

The core congsts of 550 fuelled sub-assemblies on a pitch of 180.61 mm divided into two enrichment
zones, 334 sub-assemblies in the inner core zone and 216 sub-assemblies in the outer core zone. The
reactor contains no axia or radia breeding regions and the reflector materid adjacent to the core fud, as
well as the outer shielding sub-assemblies, are as currently assumed in comparable sodium cooled core
designs. As no detailed data has yet been established for the axia regions above and below the core
they have been represented in a smplified manner as regions of gas and stedl. The control and shut off
rods are the same as those of equivalent sodium cooled core designs and comprise 24 primary control
rods and 6 secondary shut off rods. The rods are made up of two separate regions, an upper absorber
section containing boron carbide pins 90% enriched in *°B, and alower follower region.

These basic core design parameters are common to both the preliminary gas cooled fast reactor core
design based on EFR criteria, as presented in section 4 of this paper, as well as the gas cooled fast
reactor core design that has been optimised for effective plutonium and minor actinide management that
forms the main object of this paper, as presented in section 5.

3. MODELLING AND METHOD APPROXIMATIONS

3.1 THERMAL HYDRAULICS

In order to arrive a a feasible fud pin and sub-assembly design which satisfies the congtraints imposed
by the current design criteria of the European Fast Reector project while taking into congderation the
relevant aspects of AGR engineering technology, a thermd hydraulic andyss has been initidly
undertaken. The gas cooled fast reactor design is based on the AGRs at Hinkley Point B and Heysham
2/Torness in the UK which use a concrete pressure vessel to house the core structure, the 12 steam
generators and the gas circulators. The temperature of the coolant entering the boiler has been used as
the link parameter between the AGR engineering and the fast reactor fuel technology. On this basis a
core inlet temperature of 252C and a CO, gas pressure of 42 bar are assumed for dl of the
configurations considered during these studies.
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Figure 2. Basic Gas Cooled Fast Reactor Fuel Sub-assembly Design

The thermd hydraulic performance of the different sub-assembly designs considered during these studies
has been carried out using the general purpose Computational Fluid Dynamics code CFX-4". The basic
gas cooled fagt reactor sub-assembly design is shown in Figure 2. The objective of the therma
hydraulics studies has been to determine the magnitude of the gas flow rate that, for a given pressure
drop fixed by the basic desgn congraints, would occur for the different sub-assembly geometries that
have been consdered. Consequently the efficiency of the heet transfer from the fuel pins to the coolant
and the adequacy of the mixing of the gas have been evduated. The basc mesh used in these
caculations represents a 30° sector around a single pin and contains 100 cdls in the axid direction and
10,000 cdls in total. The flow is driven by the imposed pressure difference between the top and the
bottom of the modd and a uniform hest flux has been assumed from the surface of the fud pin. The
standard k-e modd has been used to determine the turbulence and the CO, coolant was modelled as
having congtant properties.

3.2NEUTRONICS

All of the core configurations evauated during these studies have been moddled usng 120° sector
geometry, as shown in Figure 3, with verson 1.2 of the European Fast Reactor code scheme
ERANOS® dong with the ERALIB1® nuclear cross section data library. The deterministic ERANOS
code system consists of anew generation of neutronic and gamma modules which have been developed
within the framework of the European collaboration on fast reactors. The adjusted nuclear data library
ERALIB1 is based on a comprehensive set of integrd measurements performed in reactors and critical
experimentd facilities, and has been vaidated for awide variety of fast reactor cores.
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Figure 3. 120° Sector Core Modéd for the Gas Cooled Fast Reactor Core

Within the ERANOS code scheme the cell code ECCO’ uses the subgroup method to treat resonance
sdf shidding effects to prepare broad group self shielded cross sections and matrices for each materid in
the core modd. A fine group dowing down trestment is combined with the subgroup method within each
fine group to provide an accurate description of the reaction thresholds and resonances for the exact
heterogeneous geometry of each type of critical and sub-critical sub-assembly. The sdlf shielding formula
for a sandard effective cross section s, , where x denotes the reaction type, for a particular group g,
and for aregion i with neghbouring regions is expressed in the following way :
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where Sﬁ isthe sourcein group g and region j, & is the probability in group g to find the partia cross
section sxgk in subgroup k corresponding to the total cross section st‘i used to cdculate the
Macrosoopic cross section S¢ , and p (S?k) is the reduced collision probability for subgroup k within

the group g. The saif shidding of thetotal Legendre order one cross section, as well as order one of the
eladtic cross section, has an dternative formulation as this type of cross section is current weighted :
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The fluxes and currents are then caculated usng the P1 consstent method so thet the flux F and
current Jin group g and region i are expressed as follows:
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where B isthebuckling, S; isthefission source and S?* ¢ denotes the order of the scatter cross
section for a neutron scattering from the group g' to the group g.

For conventional applications, such as the sodium cooled fast reactor, the cross sections and matrices
are then condensed and homogenised in the required broad group scheme to provide effective cross
sections that correctly treat the spatiad heterogeneity of the sub-assembly structure. However, for
Stuaionsinvolving low densty regions and strongly anisotropic neutron streaming previous work has
shown that these conventiond formulations are insufficient. These method limitations are especidly
gpparent in the gas cooled fast reactor where low density regions are present in both the fuel and control
rod follower sub-assemblies. In addition, as the coolant channds are longer in the axid direction than in
the radid direction the neutron streaming in this type of system is strongly anisotropic. Hence additional
modifications® have been introduced into the ECCO cell code to trest these specific characteristics
correctly. Thus the strong anisotropy of the streaming is taken into account by the use of directiona
collison probabilities pﬁ (St) , Where k denotes the direction, so that the flux is expanded in the following

way
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Hence the current Jin group g, previoudy given by equation (4), now becomes :
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where Jigk isthe current in the direction k, group g and region i defined in the following way :
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and BY isthe buckling in the direction k.



This formulation requires that additional consderation is given to the buckling dependence of the
diffuson coefficients, an effect which is usualy consdered to be negligible However it becomes
important in Stuationsinvolving low dengty regions. If aregion extends infinitely in two directions and the
cross section in this region becomes smdl then the diffuson coefficient D depends strongly on the
buckling. If the buckling is neglected and the diffuson coefficient is cdculated by the Benoig formula in
the standard way :
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Then, as the cross section tends to zero, D tends to infinity. By congdering the equivaence between the
limiting behaviour of the diffuson coefficient as the buckling and the cross section tend to zero an
dternative derivation of equivaent buckling dependent cross sections has been introduced for low
density regions. The reduced collision probabilities p; = P (S)/S caculated with the modified trangport
cross sections are used to weight the unmodified trangport cross section. In diffusion theory, which has

been used throughout dl of these gtudies, this corrected formulation is employed in the form of
directiondly dependent axiad and radia diffuson coefficients D, and D..

When usng diffuson theory, previous work has shown that condderation should be given to the
treatment of the control rod follower regions, which in a gas cooled fast reactor become large low
densty channds which can extend a consderable disance into the core. In this Stuation, usng the
standard definition of the diffusion coefficient (1/3S, ) results in an overestimation of neutron leskage,

which in turn leads to large errorsin the prediction of control rod reactivity worth.

An dternative method has been developed to provide a modified diffusion theory solution that correctly
treats the low density control rod follower channels the gas cooled fast reactor core. An gpproach has
been adopted where the directiondly dependent diffusion coefficients in the follower channe have been
modified according to a Buckling Modified formulation so thet :
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where S, and S, are the transport cross sections for the follower channel and the surrounding fuel
medium, and aisthe radius of the follower channel where a” = a(l- ba) and,

b= % for acore region (assuming asnusoidd flux variation) and,

b= %% for areflector region (assuming an exponentid flux variation),

here L isthe diffusion length, H isthe core height and B, isthe axia buckling.

In this way homogenised cross sections have been produced for each core material in 33 neutron energy
groups. Whole core flux and depletion caculations have then been performed in 3-dimensiona diffusion
theory for each core configuration studied. The control rods have been modeled with a reduced *°B
content in order to dlow for the trangport, heterogeneity and mesh effects that are not included in the
smplified homogeneous control rod representation employed during these studies.

Conggtent flux, isotopic compositions and macroscopic cross section data corresponding to each
equilibrium core burnup state have been produced in a series of iterations. The flux of one iteration has
been used to determine the isotopic concentrations and macroscopic cross section data for the next
iteration, this process being continued until convergence has been achieved. This average irradiation
condition has then been used to produce equilibrium core models a sart of cycle (SOC), middle of
cycle (MOC) and end of cycle (EOC).

The fud cyde lengths are determined by the criteria of attaining a peak clad damage over the lifetime of
the fud within the core close to 180 dpa NRT Fe. The inner and outer core feed fud enrichments for
each core configuration have been chosen on the basis of achieving a caculated EOC reactivity close to
unity with al control rods withdrawn. The control rod insertions at SOC and MOC are then adjusted to



obtain k-effective vaues close to unity. The core performance and safety parameters have then been
caculated for the SOC, MOC and EOC conditions.

4. PRELIMINARY CORE DESIGN

A preliminary gas cooled fast reactor core design has been developed to demonstrate compatibility with
the design objectives of the European Fast Reactor project. At this stage no specific design features
have been introduced to enhance plutonium or minor actinide management and this core design serves
purely to provide physics, performance and safety parameters which establish the fundamentd feasibility
of the gas cooled fast reactor concept. The EFR design limitations on fuel temperature, target burnup,
fud pin rating and clad damage, as well asthe EFR basic safety requirements have been assumed for the
purposes of these studies. In addition the isotopic compostion of the feed plutonium, a conventiond
MOX fud, is that specified for EFR. Thus a complete set of desgn parameters has been derived as
summarised in a comparison with those of EFR in Tablel.

Tablel. Design Parameters for the Preliminary Gas Cooled Fast Reactor Core Design

Gas Cooled EFR Reference
Fast Reactor Dedgn
Reector Therma Output (MWth) 3600 3600
Electrica Output (MWe) 1400 1550
CO, Gas Pressure (bar) 42 Not Applicable
Core Inlet Temperature (°C) 252 395
Core Outlet Temperature (°C) 525 545
Active Core Height (mm) 1500 1000
Fud Sub-assembly Fitch (mm) 180.61 188.00
Fuel Rin Pitch/Diameter 1.55 1.14
Fud Pin Aitch (mm) 12.71 9.34
Number of Fudled Pins per Sub-assembly 169 331
Fud Pin (clad) Outer Diameter (mm) 8.20 8.20
Fud Pin Inner Diameter (mm) 2.00 2.00
Clad Thickness (mm) 0.42 0.52
Number of Fuelled Sub-assemblies 550 387
Target Peak Fud Pin Linear Rating (W/cm) 460 520
Target Burnup (GWd/t - at%) 190 - 20 190 - 20
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Based on the gas cooled fast reactor design parameters outlined above a number of core performance
cdculations were subsequently carried out. The fuel dwell time has been determined on the basis of
achieving a peek heavy aom burnup in the core close to 20%. By consdering the cgpability of the
control rods to compensate for the reactivity swing over the cycle, and with due alowance for
uncertainties and margins to cold shutdown, it was found that a five batch refudling scheme was
required. A dwdl time of 1720 effective full power days (efpd), with a cycle length of 344 efpd, was
found to be acceptable for the purposes of the current study. Feed fudl enrichments were chosen so as
to obtain an EOC reactivity close to unity with al rods withdrawn, and differentid enrichments were
used to balance the peak linear ratings between the inner and outer zones averaged over the fud cycle.
Thus acceptable feed fuel enrichments for these purposes were found to be 16.05 and 27.29 mass% for
the inner and outer core respectivey. A summary of the main peformance and safety parameters is
givenin Tablell.

Table Il. Summary of Results for the Prdiminary Gas Cooled Fast Reactor Design

Cycde Length (efpd) 344
Number of Cycles 5
Tota Fud Residence Time (efpd) 1720
Plutonium Enrichment (Inner/Outer - mass%o) 16.05/27.29
Peak Linear Rating (Inner/Outer - W/cm) : SOC 347/370
MOC 347/385
EOC 343/367
Peak Burnup (Inner/Outer - %ha) 19.89/19.07
Peak Damage (Inner/Outer - dpa NRT Fe) 245/216
Doppler Consgtant (pcm) : SOC -489
MOC -498
EOC -516
Reactivity Loss over the Cycle (pcm) 3083
Totd b-effective (pcm) 357
Prompt Neutron Lifetime (s) 5.35E-07
Plutonium Consumption Rate during Operation (kg/ TWeh) 22.1

The reaults for this preliminary gas cooled fast reactor design illudtrate the viability of the concept and
show no mgjor difficulties with respect to core performance or safety. The peak pin burnup has been
determined from the percentage change in heavy atom concentrations over the residence time of the fud
within the core and is close to the target vaue of 20% ha. The peak linear ratings, Doppler constant and
ddayed neutron fraction are smilar to equivdent vaues obtained for EFR. The didribution and
characterigtics of the control rods, extrapolated from those of EFR, appear adequate as the necessary
shutdown margins have been satified. It can be noted that dthough no specific optimisation measures
have yet been implemented a reasonable plutonium consumption rate of 22.1 kg/TWeh has been
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achieved due to the increased plutonium content in the core and the abbsence of axid and radia breeder
regions.

The large difference in inner and outer core plutonium enrichments is due to neutron economy effects
caused by the low density coolant, the consequent increase in the fudl pin separation and the harder
neutron spectrum, dl of which result in a particular increase in neutron leskage in the outer core regions.
The clad damage has been determined from the neutron spectrum, the damage cross sections used by
ERANOS and the fud resdence time. The cdculated peak pin clad damage of 245 dpa NRT Fe is
consderably greater than the limit of 180 dpa NRT Fe currently assumed for fast reactor sudies. Thisis
not an unexpected result as the core has been primarily optimised to achieve the target burnup of 20%
ha, and this high value reflects the harder neutron spectrum present in the gas cooled fast reactor.
However, this preiminary design shows that fast reactor design concepts can be achieved using gas
technology. This limited initia evauation requires further optimisation to fully explore the potentid of the
gas cooled fast reactor, and some further studies are presented in the following three sections of this
paper. Work has been carried out to determine the potentid in relation to plutonium and minor actinide
consumption as wel as the cgpability to handle a large variety of plutonium fuds In addition, an
investigation has been performed to determine the reectivity effects of CO, loss and water ingress into
the core due to steam leaks from the boilers.

5. MODIFICATION FOR EFFECTIVE PLUTONIUM AND MINOR
ACTINIDE MANAGEMENT

5.1 THERMAL HYDRAULICS

Following the development of a preliminary gas cooled fast reactor design which demondrated the
viability of this concept the potentid for the effective management of plutonium stockpiles has been
addressed. In order to determine the scope for plutonium management the feasibility of a gas cooled fast
reactor design optimised for high levels of plutonium consumption has been investigated. This reference
option is based on a mixed oxide (MOX) fud arisng from a fud cyce scenario assuming a balanced
fleet of three differently fueled types of PWR. The MOX feed fud is the result of UOX output that has
been twice recycled in MOX reactors to arrive at a degraded plutonium content. Using the preliminary
gas cooled fast reactor design as abasis, and assuming the same overal core design condraints, the aim
has been to increase the plutonium content as much as possible while remaining within the 45% by mass
limit imposed by current reprocessing experience using the PUREX  technique. For the same core
volume the use of a high plutonium content fud is only made possible by a sgnificant reduction of the fud
inventory. This has been achieved by the introduction of dilution in the form of empty pin positions within
the fuelled sub-assemblies. Although these pins are taken to be empty, or void, for the purposes of the
current studies, this gpproach dlows the possibility of further improving the core characteristics by
introducing inert or moderator materids, or even minor actinide fudled pins.
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When gpplying the dilution concept it is essentid to ensure that the heat transfer properties of the core
are not compromised and so a therma hydraulic analyss has been undertaken to determine the
performance of the different sub-assembly designs that have been consdered as potentia candidates. To
apply the dilution concept the gpproach taken has been to increase the number of pin positions while at
the same time reducing the pin size. Sarting from the prdiminary 169 pin design, supplementary rings of
pins have been added to the fue sub-assembly and the effect on the heet transfer from the fuelled pins
and the flow and mixing of the coolant gas has consequently been evduated. During this process it is
assumed that the pin pitch to diameter retio as well as the core inlet temperature are unchanged. In
addition, the core pressure differential and the heat flux per unit pin surface area are assumed to remain
constant. The consequences of changing from an 8 ring (169 pin) sub-assembly design to a 12 ring (397
pin) desgn are shown in Figure 4.

1.3
o 1.2- —— Power per pin
2 1.1
§ 1.0 —— Heat Flux
.% 0.9 A
2 0.87 —— Mean Core Outlet

0.7 1 Temp

0.6 . . . .

8 9 10 11 12 13
Number of Rings of Pins

Figure 4. Thermal Properties for the Gas Cooled Fast Reactor Design

For each configuration the ratio of fuel to empty pins has been chosen on the basis of maintaining a
congtant heat flux. The reduction in the tota power in each fuelled pin is balanced by a modest increase
in the core mean outlet temperature caused by the reduced pin separation and the resulting change in the
mixing of the coolant gas. On the basis of these results the 11 ring (331 pin) sub-assembly design, of
which 260 pins are fudled, and thus 71 are empty, has been chosen for the reference option of the gas
cooled fast reactor core design. The fud pin has a reduced clad outer diameter of 5.82 mm, a clad
thickness of 0.42 mm, and an inner diameter of 2.16 mm. By comparison with the preiminary core
design, the mixed mean core outlet temperature, increased by about 12%, is gill consdered to be
satisfactory and to be well within the limiting design criteria
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5.2NEUTRONICS

Using the sub-assembly design outlined above, core performance calculations have been subsequently
carried out usng the methods employed during the preiminary design sudies. The fud dwdl time has
been determined on the basis of achieving a peak clad damage close to 180 dpa NRT Fe. By
consdering the ability of the primary control rods to compensate for the cycdle reactivity swing it was
found that afour batch refueling scheme was required. A totd fud dwell time of 1560 efpd, with a cycle
length of 390 efpd, was found to be satisfactory for the purposes of these studies. Acceptable feed fud
enrichments were determined to be 31.12 and 44.94 mass % for the inner and outer core respectively.
A summary of the main core performance and safety parametersisgivenin Table 1.

Table I11. Performance Parameters for the Burner Gas Cooled Fast Reactor Core Design

Cyde Length (efpd) 390
Number of Cycles 4
Tota Fud Residence Time (efpd) 1560
Plutonium Enrichment (Inner/Outer — mass %) 31.12/44.94
Peak Linear Rating (Inner/Outer — W/cm) : SOC 230/228
MOC 225/223
EOC 219/215
Peak Burnup (Inner/Outer - %ha) 18.12/18.52
Peak Damage (Inner/Outer — dpa NRT Fe) 180/159
Doppler Consgtant (pcm) : SOC -310
MOC -328
EOC -346
Reactivity Loss over the Cycle (pcm) 6364
Totd b-effective 337
Prompt Neutron Lifetime (s) 7.52E-07
Plutonium Consumption Rate during Operation (kg/ TWeh) 524

The changes in the design have not led to any Sgnificant deterioration in the core performance or the
safety parameters. A reduction in the fuel dwell time has been necessary to satisfy the limitation on peak
clad damage and it can be noted that as a result of this the pesk heavy atom burnup is dightly under the
target value of 20% ha. In addition, the peak linear ratings are reduced by comparison with those of the
preliminary core design as a consequence of the condraints imposed during the thermd hydraulic
optimisation studies. However the plutonium consumption rate of 52.4 kg/ TWeh, more than double that
of the preliminary core design, demongtrates that conventional gas cooled fast reactor technology can be
effectively employed to achieve high rates of plutonium consumption.
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Additiona measures could be undertaken to reduce the sgnificant difference ill apparent in the
plutonium content of the inner and outer core zones which would serve to further increase the plutonium
consumption rate. A further factor to be consdered is the use of moderator or inert materids, made
possible by the empty pin positions in the fueled sub-assemblies, to make further improvements in the
core performance. However, for this initid evauation, this core desgn is consdered to be a suitable
bass to demondtrate the flexibility and versatility of the gas cooled fast reactor concept, and a review of
this agpect is presented in the next section of this paper.

6. FLEXIBILITY

Previous work has shown that a dgnificant condtraint exists in the operation of sodium cooled fast
reactors due to the degeneration of the core safety parameters when poor quality plutonium fuels, or
fuds with a sgnificant proportion of minor actinide isotopes, are utilised. The worsening of the core
safety parametersis mainly attributed to the sodium void coefficient, whereby the accumulation of higher
plutonium and minor actinide isotopes results in the sodium void coefficient becoming increasingly
positive and consequently unacceptably large in magnitude. This condraint imposes an important
limitation on the type of fud that can be utilised in sodium cooled fast reactors. However, the negligible
void coefficient in the gas cooled fast reactor ensures that the consequences for the core safety
parameters of usng degraded plutonium and minor actinide fues will be less severe. In order to evauate
the increased flexibility afforded by the gas cooled fast reactor concept three different plutonium qudities
have been consdered for use in the optimised gas cooled fast reactor design, as shown in Table 1V.

Table V. Assumed Plutonium Isotopic Composition for the Gas Cooled Fast Reactor (mass %)

Casel Case 2 Case 3
Pu238 1.9 5.6 2.2
Pu239 53.3 39.1 31.2
Pu240 25.6 26.7 37.3
Pu241 9.9 13.0 6.9
Pu242 7.9 14.3 19.6
Am241 1.3 1.3 2.7

Case 1 corresponds to plutonium fud originating from a once through irradiation of UO, fuel. Case 2,
representing the feed fuel assumed for the optimised reference design, is the result of twice recycling the
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case 1 UO, output in MOX reactors. Findly, case 3 corresponds to the multi-recycling of case 2 fud in
the optimised gas cooled fast reactor and is intended to represent the Stuation after the long term
operation of gas cooled fast reactors whereby an equilibrium has been achieved with the rest of the
reector fleet. This equilibrium cycle fud compostion has been obtained by consdering the difference
between the initid and discharge heavy nuclide mass for subsequent cycles of the optimised gas cooled
fast reactor. For each cycle the difference between the initia and discharge mass has been made up by
the case 2 initid fud feed in order to conserve the charge mass. This process has been repeated until an
equilibrium cycle fud compostion has been obtained.

These three cases are intended to cover the range of possible fud cycle hypotheses that may occur
during the operation of a baanced fleet of UOX and MOX PWR’'s combined with gas cooled fast
reectors corresponding to early, middle and late Stuations in the next century. On the basis of the
optimised gas cooled reactor design described in the previous section of this paper, core performance
cdculaions have been performed for the three different cases of plutonium qudity. In each case the fud
dwell time has been determined on the bagis of achieving a peak clad damage close to 180 dpa NRT
Fe. The batch refueling scheme has been fixed by congdering the ability of the control rods to
compensate for the reactivity loss over the cycle. A summary of the main core performance and safety
parametersisgivenin Table V.

Table V. Parformance Parameters for Different Plutonium Isotopic Qudlities

Casel Case 2 Case 3
Cycdle Length (efpd) 390 390 430
Number of Cycles 4 4 3
Total Fud Residence Time (efpd) 1560 1560 1290

Putonium Enrichment (Inner/Outer — mass %) 28.92/40.54 | 31.12/44.94 | 33.12/44.94

Pesk Linear Reting (Inner/Outer —W/cm) : SOC 237/223 230/228 224/222
MOC 225/221 225/223 224/223
EOC 211/212 219/215 214/211

Peak Burnup (Inner/Outer - %oha) 15.90/15.18 | 18.12/18.52 | 18.69/18.94

Peak Damage (Inner/Outer — dpa NRT Fe) 195/156 180/159 185/130
Doppler Constant (pcm) : SOC -314 -310 -276
MOC -331 -328 -292
EOC -336 -346 -315
Reactivity Loss over the Cycle (pcm) 6432 6364 5987
Totd b-effective 327 337 320

Prompt Neutron Lifetime (s) 7.60E-07 7.52E-07 7.45E-07
Pu Consumption Rate during Operation (kg/ TWeh) 47.7 52.4 57.4
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The performance results obtained for the different qudities of plutonium compostion illustrate the
significant amount of flexibility associated with the gas cooled fast reactor concept. It can be seen that no
sgnificant modifications are required for the utilisation of awide range of plutonium isotopics, apart from
are-evauation of the baich refuelling scheme to take into account the changes in reactivity loss with fud
burnup associated with the different plutonium vectors. All of the main performance parameters follow
smilar consgtent trends and demondrate no sgnificant deterioration with changing plutonium qudity. It
can be particularly noted that high levels of plutonium consumption are achievable for dl of the cases
consdered during these studies. Indeed the utilisation of even more varied plutonium isotopics may be
feasble if moderator or inert materids are employed in the core design. A review of the Doppler and
coolant void coefficients, as well as the reactivity effects that may arise with water ingress into the core
regions, is provided in the next section of this paper. In addition, safety and control issues specific to the
gas cooled fast reactor are discussed.

7. GCFR CONTROL AND SAFETY

It is essentid for the verification of the viability of the gas cooled fast reactor concept that the safety
parameters and control features are adequate. The Doppler constant, presented in the previous tables in
this paper for each of the core configurations evaluated during these studies, has been determined from
the changes in reactivity obtained by reducing the mean core fud temperature from that of norma
operation (1500K) to that of cold shutdown (453K). It can be noted from these results that the Doppler
constant, at between 250-500 pcm, is considerably lower than that associated with a sodium cooled fast
reactor such as EFR due to the harder neutron spectrum in the gas cooled fast reactor. The most
sgnificant reduction in the Doppler effect gppears in the optimised gas cooled fast reactor design due to
the increase in the plutonium enrichment and the subsequent reduction in the U238 capture contribution.
An additiond reduction in the Doppler constant can be observed during the trangtion to a more
degraded plutonium qudity due to afurther hardening in the neutron spectrum.

In order to make an initid evauation as to whether the magnitude of the Doppler congtant is acceptable
in the proposed gas cooled fast reactor design it has been considered in conjunction with the coolant
void coefficient. The coolant reectivity effect has been determined by the difference between flux
cdculations with and without the CO, coolant present in the core fuel sub-assemblies, and the results are
givenin Table VI.

Table VI. Coolant Void Reactivity Effect for the Gas Cooled Fast Reactor (pcm)

Prdiminary Optimised Design
Desgn Case 1l Case 2 Case 3
SOC +52.8 -7.3 +17.9 +27.5
MOC +57.9 -1.7 +16.1 +26.8
EOC +63.1 -8.1 +15.4 +25.1
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It can be seen that, as expected, the coolant void reactivity coefficient for the gas cooled fast reactor is
very much smaller than that associated with sodium cooled fast reactor cores and as such can be
consdered to be a negligible effect. It is thus consdered that the reduced magnitude of the Doppler
constant is probably acceptable athough a full safety accident analysis of the proposed gas cooled fast
reactor design isrequired in order to confirm this.

A fault condition of potentia concern in a gas cooled fast reactor is that of water ingress into the core
due to lesks in the seam generators. For an initid evaluation of the importance of this effect it has been
assumed that the water, at least during the early stages of an incident, will be in the form of eam at the
same temperature and pressure as the coolant. The reactivity change between the Stuation with CO,
coolant, and the Stuation with the coolant uniformly replaced by steam a the same temperature and
pressure, isgivenin Table VII.

Table VII. Steam Reactivity Effect for the Gas Cooled Fast Reactor

Prdiminary Modified Design
Desgn Casel Case 2 Case 3
SOC -553.1 +135.4 +116.9 +77.8
MOC -545.0 +144.4 +125.7 +84.5
EOC -536.8 +153.2 +134.3 +91.2

It can be seen from these results that the effect of water ingress for the proposed gas cooled reactor
desgn is rdaively amdl in magnitude. It can be noted however that this reactivity effect can be ether
positive or negative depending on the characteristics of the core being consdered. The water ingress
effect is dominated by the moderation component which isin turn dependent on the shape of the adjoint
flux as a function of energy. The modifications to the gas cooled fast reactor desgn to increase the
plutonium burning rate, and the consequent increase in plutonium enrichment, has resulted in the high
energy adjoint being consderably reduced due to the reduction in U238 threshold fissons. The result is
a net pogtive increase in the seam ingress reactivity coefficient. Although this reactivity effect does not
initialy appear to be sgnificant a more detailed andlysis of the conditions of water ingress is required
before a more definitive concluson can be drawn. It is clear however that a wide variety of plutonium
fuds can be utilised without any sgnificant impact on the gas cooled fast reactor core safety parameters.

CONCLUSIONS

A preiminary evauation has been undertaken to investigate the core performance of the gas cooled fast
reactor concept. Therma hydraulics and neutronics studies have shown that a feasible design for a
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reactor combining existing UK gas reactor experience with current European fast reactor design
objectives can be achieved within the limitations of conventiond technology. An initia sub-assembly and
core desgn has been established and it has been demondrated that the performance and safety
parameters for a core configuration capable of 20% peak fuel burnup are acceptable.

This preliminary design has been further developed to explore its potential and flexibility for the effective
management of plutonium stockpiles. This study, congdering both thermd hydraulic and neutronic
performance, has indicated that plutonium consumption rates of up to 55 kg/TWeh can be readily
achieved. An invedtigation of the core safety parameters, including the reactivity effects associated with
coolant voiding and water ingress, has demonstrated that the proposed core design is capable of safe
operation with a wide range of fuels, and consequently has the potentia flexibility to meet the needs of
the many fue cycle and reprocessing scenarios which may occur during the next century.

During the investigation of the gas cooled fast resctor design it has become clear that severd aress
require further examinaion in order to more completely confirm the potentid and viability of this
concept. Among the areas for additional consideration is the use of moderator or inert materias to
further improve core performance. It has been shown in the current studies that consderable flexibility
exigts with respect to the variety of plutonium fuels that can be utilised and it is suggested that further
investigations could be carried on a amilar basis to assess the potentia for the recycling of minor actinide
based fudls. Findly, dthough acceptable core safety parameters have been established a complete
trangent andys's of the gas cooled fast reactor core should be undertaken to ensure that the proposed
control and safety measures are sufficient.
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