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A new non-fertile, weapons-grade plutonium oxide fuel concept is developed and evaluated for 
“deep bum” applications in a boiling water reactor environment using the General Electric 8x8 
Advanced Boiling Water Reactor (ABWR) fuel assembly dimensions and pitch. Detailed infinite 
lattice fuel bumup results and neutronic performance characteristics are given and although 
p rehha ry  in nature, clearly demonstrate the fuel’s potential as an effective means to expedite the 
disposition of plutonium in existing light water reactors. 

The new non-fertile fuel concept is an all oxide composition containing plutonia, zirconia, calcia, 
and erbia (Pu02-~-CaO-Er203)  having the following design weight percentages: 

Conso ‘tuent 
Plutonia (Pus) 8.3 
zirconia(zro2) 80.4 
Calcia ((30) 9.7 
Rbia @r2@) 1.6 

This Pu&-m-CaO-@@ fuel composition in an infinite fuel lattice operating at linear heat 
generation rates of 6.0 or 12.0 kW/ft per rod can remain critical for up to 1200 and 600 Effective 
Full Power Days (EFPD), respectively, and achieve a burnup of 7.45 * 1020 Ucc. These bumu s 

isotope for the 040% moderator steam void condition. Total plutonium destruction greater than 
73% is possible with a fuel management scheme that allows subcritical fuel assemblies to be driven 
by adjacent high reactivity assemblies. 

The Pu@-m-CaO-@@ fuel exhibits very favorable neutron characteristics from beginning- 
of-life POL) to end-of-life (EOL). Prompt fuel Doppler coefficients of reactivity are negative, with 
values ranging between -0.4 to -2.0 pcm/K over the temperature range of 900 to 2200 K. Steam 
void coefficients of reactivity are also negative, ranging between -0.1 to -0.5 over the 10 to 90% 
moderator steam void range. Isothermal temperature coefficients are strongly negative at BOL and 
tend to become less negative with burnup, until near EOL when the coefficients become positive. In 
addition, despite the relatively low BOL plutonium rod mass concentrations (approximately 132 
gjrd Pu metal), the ABWR fuel lattice remains in an undermoderated condition for both hot 
operational and cold startup conditions over the entire fuel burnup lifetime. 

correspond to a 71-73% total plutonium isotope destruction and a 91-94% destruction of the B 9Pu 
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1.0 INTRODUCTION 

The primary objective of this Laboratory Directed Research and Development (LDRD) study is to 
neutronically evaluate and design a non-fertile, weapons-grade plutonium oxide fuel fonn suitable 
for use in a commercial boiling water reactor using the General Electric 8x8 Advanced Boiling 
Water Reactor (ABWR) lattice dimensions. The neutronic analyses are p r e w  investigations 
and cursory in nature with the intention of providing general insights into important reactor physics 
parameters and tmds. In addition, this study provides fuel constituent concentrations for use in a 
companion LDRD study1 that will analytically evaluate the non-fertile fuel composition material 
properties (e.g. density, thermal conductivity, phase equilibria) and ixradiation performance behavior 
(e.g. fission gas release). 

The fuel form adopted in this study, namely, the all oxide plutonia-zirconia-calcia-erbia (Pus- 
zrO2-CaO-mO3) fuel form, has been selected based on results from a previous non-fertile fuel 
study2 using a Pressurized Water Reactor (PWR) lattice and operating environment. The non- 
fertile PWR study neutronically evaluated the following seven all oxide fuel compositions at 
beginning-of-life (BOL) concentrations based on an assumed BOL excess reactivity level (infinite 
lattice kinf = 1.4): 

Although the plutonia-thoria based fuels (Pu02-ztO2-Th02, Pu02-Th02, and Pu02-Th02- 
Gd203) exhibited excellent neutronic behavior comparable to that of commercial U@ fuel, 
irradiation of the thorium (232~h) results in the generation of fissile uranium 0. Production of 
another fissile isotope was deemed unacceptable since the goal was to 'destroy the fissile weapons- 
grade plutonium and not simply to convert one potential weapons material into another nor try to 
extend the fuel cycle length. Therefore, the use of thoria was ruled out as an additive for non-fertile 
fuels. 

The P U @ - Z Q  fuel form was extremely reactive in light water, which limited the fuel rod plutonia 
mass loadings to such low levels that the ovennoderated fuel lattice tended to burnout prematurely 
and possessed both prompt Doppler and isothermal temperature coefficients that were positive. 
The solution was the addition of a burnable thermal and resonant parasitic absorber poison to the 
fuel composition in order to correct these deficiencies. Rare-earth elements were chosen as 
candidates for the poison. 

Three rare-earth poison fuel compositions were neutronically evaluated, and of these, the most 
attractive composition was the Pu02-ZrO2-Er203. Therefore, the Pu02-~-CaO-Er203 fuel 
composition was adopted for the BWR study here, and is the focus of more detailed analyses. Our 
BWR non-fertile fuel concept is shown in Figure 1 along with a brief description of some of the 
concept's attractive features. Figure 2 shows a cross sectional view of the infinite ABWR lattice 
along with the fuel pellet, gap, and clad radii and the lattice pitch dimensions used in the 
calculations. 
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Zircaloy-2 

Fuel Rod 

. Fuel Pellet 

Fuel 
-PuO2 

Diluent 
-2r02-CaO 
-Y203-CaO 

Burnable Poisons 
-Er203 
-El203 
-Gd203 

Fuel Form Characteristics 
- Non-fertile, weapons-grade plutonium-based oxide 
- Inert Diluent 
- Burnable Poison (improve Doppler, hold down excess reactivity, 

heavier Pu rod loadings, extended burnup) 

Attractive Featu re$ 
- All Oxide Fuel (Small VF PuO2 and Er203) 
- U02-Zr02-CaO well known fuel form 
- Plutonium metal (Weapons- or Reactor-grade) 
- UO2 Core Compatibility (commercial BWR reactors) 
- High Pu Burnup 

Figure 1. Non-fertile fuel concept for a Boiling Water Reactor. 
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r l  = 0.521 97 cm (Pellet radius) 
r2 = 0.5321 3 cm (Gap radius) 
r3 = 0.61341 cm (Clad radius) 
Lattice Pitch = 1.6256 cm 

Figure 2. ABWR lattice geometry and dimensions. 
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The evaluation of our non-fertile fuel in a BWR environment attempts to go a step further than the 
previous PWR study in order to broaden the scope and applicability of the fuel concept to both 
types of current commercial Light Water Reactors (LWRs). Detailed BWR burnup calculations 
are p e r f o d  in this study which were not performed in the FWR study. BWR fuel burnups are 
performed for the 0,40 and 70% moderator steam void conditions and two linear rod power levels 
typical in a BWR. BWR burnup calculations for the 0% steam void condition herein would be 
most applicable to the PWR for estimation of percent destruction of plutonium over the fuel burnup 
Wetime. 

The primary goal in the development of our non-fertile, plutonium-based nuclear reactor fuel is the 
efficient destruction of weapons-grade plutonium in Light Water Reactors (La). Although the 
current concern is the disposition of weapons-grade plutonium from the dismantled nuclear 
weapons, an even larger and ever growing stock of reactor-grade plutonium from spent commercial 
fuel also has to eventually be disposed of and destroyed via fission. Substitution of reactor-grade 
plutonium for the weapons-grade plutonium into OUT non-fertile fuel should exhibit even better 
neutronic control characteristics with burnup. The most attractive feature of a non-fertile fuel is its 
“deep burn” capability for once-through burnups; plutonium inventories can be substantially 
reduced using existing commercial LWRs. MOX fuels will denature the weapons-grade plutonium, 
but will destroy in a once-through cycle only 2533% of the total plutonium isotopes, whereas, the 
non-fertile fuel can achieve upwards of 70% total plutonium destruction. 

In order to maximize the plutonium destruction rate, a non-fertile fuel by design excludes uranium 
from the fuel composition. The fertile 2% isotope is responsible for the production of more 
plutonium during burnup, particularly in natural, low, and medium-enriched uranium fuels, and in 
mixed oxide (MOX) fuels. In the standard commercial U@ fuel, the B*U transmutes during 
burnup to 239Pu to provide additional fuel and reactivity for fuel cycle extension and in addition 
provides the necessary prompt temperature feedback reactivity in the fuel, which is essential for safe 
reactor operation and control. 

A weapons-grade plutonium fuel can be expected to have a smaller negative Doppler temperature 
coefficient of reactivity relative to commercial U02 fuel. Weapons-grade plutonium is enriched in 
Z9Pu and contains no 238U and only a relatively small amount of fertile 21%. Hence due to 
mutual temperature broadening of the 239Pu fission and capture resonances, the negative reactivity 
effect becomes small. In fact, the prompt fuel Doppler temperature coefficient of reactivity is still 
negative as we shall see in later sections of this report on the PuO2-Z@-CaO fuel. Fortunately, 
the Doppler coefficients can be designed to be more negative with the addition of the parasitic 
resonant absorber poison. 

From our previous study2, the burnable poison erbium with its six natural isotopes, and specifically 
the two isotopes, 
23% resonance, turned out to be the leading candidate as a replacement for Z8U. Natural erbia is 
an oxide which can be homogeneously and integrally mixed into the PuO2-m-CaO fuel 
composition. In addition to erbium’s attractive resonance absorption ability that can increase the 
fuel Doppler coefficient over the burnup cycle, erbium’s thermal absorption allows for plutonium 
mass loadings sufficient for LWR fuel cycle lengths, and ensures the fuel assembly lattice will 
maintain an undermoderated condition over the fuel cycle. Erbium is also a burnable poison that 
burns out relatively rapidly to provide letdown reactivity that helps to maximize plutonium burnup 
and at the same time allows for both MPu and fission products to build into the fuel in order to 
contribute to the Doppler coefficient. The relatively small thermal absorption cross section of 
erbium isotopes relative to other stronger burnable poison absorbers (e.g. gadolinium) allows the 
pellet radial power distribution to be relatively flat and comparable to U@. Also, the presence of 
erbium in the fuel is expected to increase the negative magnitude of the isothermal temperature 

and ‘67Er, with their strategic thermal resonances relative to the 0.3 eV 
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coefficient, particularly in the lower core region of a BWR where the moderator is in the unvoided 
liquid phase with a density similar to that in a PWR core. 

The high reactivity of weapons-grade plutonium metal in a fuel rod immersed in fight water requires 
datively small mass quantities of the heavy metal to meet reactivity requhements. For example, 
only 132 grams of weapons-grade plutonium heavy metal per ABWR fuel rod are needed to 
achieve 1200 EFPD at 6.0 kW/ft (ABWR fuel rod with a 12.5 ft length and 0.41 1 in diameter). 
The 1200 EFPD at 6.0 kW/ft translates into a fuel fission density at EOL of approximately 7.45 * 
1020 Ucc which is roughly equivalent to a 30 GWD/MT burnup for commercial Uo;! fuel. 
Therefore, since only a smaU amount of plutonia (by weight or volume) will be required in the fuel 
rod composition, the bulk of the fuel pellet material composition will be diluent (-95 ~01%). 

Selection of our diluent (23OpCaO) is based on three primary concerns: (1) low thermal neutron 
absorption, (2) in-pile thermo-mechanical performance, and (3) previous developmental and 
performance experience. 

Low parasitic thermal neutron absorption by the diluent nuclides is important in order to reduce 
the required excess reactivity necessary to overcome the clad parasitic absorption and maintain fuel 
assembly criticality. The lower the parasitic absorption in the fuel (and the clad), the longer the fuel 
assembly can remain critical near EOL, which ultimately translates into greater plutonium 
destruction over the fuel cycle. In addition, lower excess reactivity requirements at BOL means 
lower initial plutonium assembly mass loadings which in turn reduces the concern of diversion and 
proliferation. 

The diluent thermo-mechanical behavior must exhibit crystalline stability under in-pile exposure, 
dimensional stability, minimal swelling due to fission product gases, acceptable fission gas release, 
sufficient thermal conductivity, minimal pellet-clad interaction, and retention of initial void porosity 
under in-pile exposure. Current commercial fuel (Uo2) performs favorably in each of these 
categories and is the standard upon which our new non-fertile fuel forms will ultimately be 
compared and evaluated. 

Diluents, such as alumina (A1203), beryllia (BeO), and Zirconia (zrO2) have been previously 
proposed and tested for different reactor applications. All three diluents have relatively small 
neutron absorption cross sections, but vary significantly in their material properties. Recently, 
A1203 has been proposed as a possible diluent for non-fertile fuels3*4. However, despite alumina’s 
favorable phase, chemical, and thermal conductivity properties and its crystatline stability under 
irradiation by neutrons, alumina mixed with a fissionable material such as U@ exhibits severe 
crystalline instability under in-pile irradiation. Previous in-pile experiments5*6 involving U02- 
A1203 fuel indicates gross swelling (30%vol) of the AI203 crystal structure at low burnups. 
Apparently, the fission hgment recoil kinetic energy destroys the A1203 crystal lattice and converts 
it into a reduced-density amorphous strucm. The Be0 matrix in a U02-Be0 fue15,6,7 also suffers 
from considerable fission fragment damage and exhibits high swelling and gas release. 

Previous in-pile experimental and irradiation data demonstrate Z@ to be a viable diluent when 
stabilized with G O .  The unstabilized ZrOz. diluent by itself does not exhibit ideal diluent fuel 
material characteristics. For example, an unirradiated U@-ZrO2 fuel with a two-phase tetragonal 
structure upon irradiation under goes rapid densification or void collapse due to the high plasticity 
from phase instability*gJo. The plasticity results from the crystalline structure transformations as a 
function of burnup. The unhdiated two phase tetragonal structure transforms into a single 
tetragonal structure at an exposure of 5.8 * 1020 Ucc and then to a single phase cubic structure at an 
exposure of 9.0 * 1020 Ycc. Basically, the non-cubic crystalline phases convert from their 
tetragonal or monoclinic phases to a cubic phase during irradiation. In order to control the phase 
transformations and plasticity, small amounts of CaO are added to the U02-2502 fuel to form an 
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unirradiated cubic crystalline structure that is stable under irradiation conditions resulting in 
minimal dimensional changes (no densification) and retention of initial porosity with burnup. The 
U@-i%&-CaO cubic structure is then similar to the facecentered cubic structure of U@. 

The choice of zirconia (zroz) stabilized with cdcia (GO) as OUT diluent is also based on the 
substantial developmental and experimental data base supporting both urania-zirconia-calcia 
(ternary) fuel forms and urania-Zirconia (binary) fuel forms fiom previous programs7. Major 
ternary fuel development programs include the following: 

(1) The Shippingport PWR Core 2, Seed 2 utilized a ternary fuel consisting of 38wt% 
U@-57wt% 2I@-5wt% CaO fuel plates with Zircaloy cladding. From 1969-1974, the 
Shi pingport ternary fuel compo,sition achieved average and local peak burnups of 17 * ld and 27 * 1020 Ucc, respectively, without fuel failure. 

(2) The Power Burst Facility (PBF) at the Idaho National Engineering Laboratory utilized a 
ternary fuel consisting of 30.6wt% U@-62.5wt% m-6 .9wt% CaO fuel rods in stainless 
steel clad’**. Transient power tests exposed the insulated fuel to 50-200 power bursts and 
temperatures up to 2150 C. The ternary fuel performed with no rod failures, fuel melt did 
occur as predicted at the rod centerline. The peak fuel burnup is estimated at only 1.3 * 
1019 uCC. 

(3) The Light Water Breeder Reactor (LWBR) program used and tested an experimental 
ternary fuel consisting of 36.9wt% UO2-58.1wt% ZQ-Swt% CaO duplex fuel pellets 
along with Uo;! and UO2-66 wt% 
were successfully irradiated to high burnup (30 * l@o Ucc). 

duplex pellets. Both Uo;! and ternary duplex fuel 

Reference 7 provides a more detailed description of each program and other smaller in-pile tests 
using ternary fuel tests. 

An important aspect in the development of a new fuel concept like the non-fertile fuel concept here 
is the existence of a developmental and experimental data base fiom previous programs. Without a 
pertinent data base the fuel fabrication and performance risks are greatly increased particularly if the 
fuel development program embarks on an aggressive schedule. 

The National Academy of Sciences Committee on International Security and Arms Control (NAS- 
CISAC) Reactor panel has already expressed this concern with non-fertile fuel development in their 
recommendations to Congress’l. The NAS envisioned a non-fertile fuel development program to 
be a potentially lengthy and risky process to qualify/certify a new reactor fuel and therefore would 
probably not meet an aggressive disposition schedule. In our case, however, with the sizeable data 
base available on the urania ternary fuels, a non-fertile fuel development program might be more 
comparable to the fuel development program for weapons-grade plutonium MOX. 

Although a literature search has revealed no previous fabrication or irradiation testing of a Pus- 
2I@-CaO ternary fuel, the chemical and material properties and fuel performance of such a fuel 
should be similar to the U 0 2 - m - C a O  ternary fuel. Substitution of weapons-grade plutonia for 
low- or medium-enriched urania in this ternary fuel leads directly to a lower weight percent of 
plutonium versus uranium metal simply because of the more reactive nature of plutonium. This is 
evidenced by the approximately 8.0 wt% plutonia in our fuel composition versus the 30-50 wt% 
urania used in the ternary fuel development programs mentioned above. This difference may 
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present some advantages for the plutonium ternary fuel versus the uranium temary fuel, namely, 
slight improvement in the thermal conductivity and greater crystalline stabfity. Also, since the 
zirconia-calcia content is increased (approximated 85 vol% in our adopted fuel composition) there 
will be more porous volume available throughout the pellet for fission gas expansion. The result 
will be lower fuel centerline temperatures and reduced fuel swelling and possibly less f'ission gas 
release for the Pus-ZQ-CaO versus the U a - Z r O + i O  ternary fuels. 

The thermal conductivity of the plutonium ternary fuel is, however, still expected 
half of the thermal conductivity of U a  at operating temperamsl. The lower conductivity would 
result in higher fuel centerline temperatures for the ternary fuels relative to a U@ fuel assuming 
comparable linear heat generation rates and heat transfer coefficients. Also, the melting point of a 
2hQ-CaO (15 at% CaO) diluent is in the range of 2450-26OOOC and a Ua(14.4 wt%)-Z1@(77.1 
wt%)-CaO(8.5 wt%) ternary fuel (which is comparable to our plutonium ternary fuel compositions) 
has a melting point7 of 267OoC. These melting points are lower than the melting point7 of U@ at 
approximately 2800OC. If the solid plutonia ternary fuel rod centerline temperatures become a 
concern, i.e. the margin between the operationflaccident centerline fuel temperatures and the fuel 
melting point is too small, the use of an annular fuel pellet would be the ready solution. 

A great deal of annular fuel test data is available for both U Q  and ternary fuels7. An annular pellet 
would provide even greater fission gas volume for further reduction in fuel swelling and could 
potentially reduce the maximum fuel temperatures by up 4000C or more. 

be roughly one- 

Another potential fuel performance enhancement option for the non-fertile PuO2-2hQ-CaO-Ek203 
fuel composition is a proposed substitution of the diluent stabilizing agent yttria (Y2O3) for calcia 
(CaO). The companion LDRDl explores the possible benefits of using yttria to form a fuel 
composition of Pu%-ZQpY2@-Er2@. Yttria, like calcia, is also neutronically inert and is 
demonstrated in the neutronic results of this study. 

The following sections of the report present the calculated neutronic results for both a Pua-ZQ- 
CaO and a PuQpZrQ$aO-Er203 fuel composition in a BWR operating environment using 
lattice dimensions based on the 8x8 General Electric Advanced Boiling Water ReactorI2 fuel 
assembly. In the neutronic analysis here, the fuel rod is assumed to operate at a steady-state 
conditions and at a constant linear heat generation rate (LHGR). 
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2.0 ASSUMPTIONS 

The following assumptions and bases are used in the neutronic.calculations: 

Evaluated Nuclear Data File Version 5 (ENDFB-V) and Version 6 @NDF/B-VI>. 

Neutronic models are based on a GE 8x8 commercial Advanced Boiling Water 
Reactor (ABWR) fuel assembly dimensions12- 

The effects of fuel and clad thermal expansion are not included in the neutronic 
calculations. 

Clad material is Zdoy-2. 

Weapons-grade isotopic plutonium weight percentages used in the BOL neutronic 
calculations are from References 13 and 14 as given below: 

O.O12wt% B*Pu 
93.81wt% 23% 
5.810wt% 
0.349wt% 
O.O22wt% X2Pu 

Isotope molecular weights are from Reference 15. 

Material densities are from References 16 and 17. 

Ratio of ZzQ to CaO is based on References 18 and 19. 

Saturated liquid water densities at ABWR pressure (1050 psig) and saturated 
temperature conditions are based on References 12 and 20. 
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3.0 COMPUTER CODES 

The neutronic analyses use six different reactor physics computer codes to perform calculations o n  
our non-fertile fuel compositions. Each of the six codes is briefly described below:. 

The MCNP4A monte -lo z-particle) code21 version 4A, is a general purpose, continuous 
energy, generalized geometry, coupled neutron-photon Monte Carlo transport code. Unit cell 
models with reflective boundary conditions are constructed in MCNP geometry format to represent 
an infinite lattice for k-infinity determinations and cross section generation. 

The COMBINE-5 & COMBINE6 codes2223 are 166-multigroup deterministic neutron spectnun 
codes based on the B, approximation to the Boltzman transport equation. Solution methodology 
options include the Nordheim method for resolved resonance shielding and the ABH method for 
unit cell thennal self shielding. Unit cell k-infinities are calculated as a function of temperature to 
determine the prompt fuel Doppler and isothermal temperature coefficients of reactivity. The 
COMBINE-5 code employs the ENDFD-V nuclear data and COMBINE-6 employs the ENDFD- 
VI nuclear data. 

The ORIGEN2 codex is a zero-dimensional, onagroup code for calculating the buildup, decay, 
and processing of radioactive materials. The code is specifically used to perform plutonium fuel 
depletion calculations in order to determine approximate plutonium burnup and isotopic content in a 
fuel composition at specified points in the burnup cycle. 

The MOCUP cod95 is a system of external processors that links input and output files from 
MCNP4A and ORIGEN2 in order to perform a time-dependent burnup of a fuel composition. 
Neutron cross sections are calculated by MCNP at the start of each time step for each of the 
designated nuclides in the fuel composition. MOCUP transfers the cross sections to an ORIGEN2 
input file. ORIGEN2 then performs the burnup calculation and MOCUP builds a new MCNP file 
based on the old MCNP input file and the ORIGEN2 output fuel nuclide concentrations. MCNP 
calculates the lattice khf and generates cross sections for the next time step and the process begins 
anew. 

The NJOY codex37 was used to produce point-wise neutron cross sections from ENDFD-VI 
evaluated nuclear data for use by the MCNP code. Neutron cross section evaluations were obtained 
for certain nuclides and isotopes at elevated temperatures that were not available in the standard 
libraries. 
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4.0 NEUTRON CROSS SECTION DEVELOPMENT 

MCNP continuous energy neutron cross section libraries had to be developed for the plutonium 
isotopes and rare-earth burnable poisons used in this study. The NJOY nuclear data processing 
code, version 91.91, was used to process the ENDFB-VI cross section data into the MCNP 
continuous energy ACE format. The NJOY modules, RECONR, BROADR, UNRESR, and 
HEATR were used to reconstruct the resonance cross sections from their resonance parameters and 
determine a single linearized energy grid for all reactions, broaden the resonance data to the 
appropriate temperature and thin the data, compute the unresolved resonanm cross section 
contributions at temperature, and calculate the heating and radiation damage production. After these 
steps, the ACER module was run to convert the data to the MCNP continuous-energy format The 
ACER module also thins the data using an integral thinning method. Appendix B has a list of 
nuclideSrsotopes for which specific cross section libraries at temperature were developed and 
samples of neutron cross sections as a function of energy for a few selected isotopes. 
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5.0 METHODOLOGY 

The following three sections describe briefly selected areas of the methodology that might be most 
useful to the interested reader. These areas include model representations and simplifications and 
some of the analytical procedure used in the newly available burnup capability using the MOCUP 
code. 

5.1 MCNP Urlit Cell Model DescngtmrE 
For simplicity, the boiling water nuclear reactor core of fuel assemblies and control rods are 
represented in the models as an infinite array of fuel rods with no control rods or other neutron 
absorbing material in the fuel lattice. The infinite lattice geometry chosen for the models is 
essentially an uncontrolled infinite fuel lattice. The assumption is that the control rods will 
compensate for the excess reactivity. 

. .  

The MCNP neutronic calculations use a two-dimensional unit cell model with dimensions based on 
the commercial GE 8x8 Advanced Boiling Water Reactor fuel assembly. The unit cell is described 
by a central cylindrical fuel rod, gap, clad, and an encompassing square water region as shown on 
Figure 2. In order to represent an infinite lattice of these unit cells, mirror boundaries are applied to 
all four sides of the square water region and on top and bottom of the 12.5 ft. long unit cell. The 
mirror boundaries on the top and bottom are only slightly more reactive and easier to model than a 
more accurate water reflector region above and below the fuel rod ends and should not significantly 
impact the result herein. 

The fuel rod composition is a mixture of weapons-grade plutonia ma), zirconia (m), and 
calcia (CaO). The zirconia and calcia are the diluent and make up the bulk of our fuel rod material. 
A burnable poison, erbia (Er2@), is added in small mass quantities to the fuel composition in order 
to improve the prompt Doppler coefficient of reactivity, maximize plutonium burnup, produce a 
negative isothermal temperature coefficient of reactivity, and provide hold down reactivity at BOL. 
The fuel gap is assumed to be a void, the cladding is Zircaloy-2 metal, and the moderator/coolant is 
light water (H20). 

The hot operational conditions assume the fuel to be at 2153 K (-34000F), the clad at 880 K 
(-1125OF), and the moderator light water temperatwe of 600 K (-6200F9. The fuel temperature is 
slightly higher than the maximum fuel temperature28 of approximately 2100 K which is 
characteristic of a typical B W 6  with low-enriched U a  fuel. However, because the thermal 
conductivity of the P U @ - Z X O ~ ~ O - E Q O ~  fuel is expected to be only slightly more than one-half 
of U02, the higher 2153 K temperature seemed reasonable. The moderator temperature at 600 K is 
also higher than the approximately 550OF saturated temperature in a BWR, however, we were 
bound by the available S(a,p) cross section data at 500 or 600 K, and the 600 K cross section set 
was chosen. 

Several neutronic calculations vary the fuel assembly pitch to determine if the lattice with a 
particular fuel composition is undermoderated or overmoderated However, unless the pitch is 
specifically varied, all calculations are based on a fuel rod center-to-center pitch of 1.6256 cm (0.64 
in.) characteristic of the ABWR lattice. 

The BWR moderator liquid water density varies as a function of core height. In order to model the 
axial variation in density, selected enveloping moderator steam voids were chosen as evaluation 
points, namely, 0,40, and 70%. These moderator steam void conditions are chosen to represent the 
lower, mid, and upper core, respectively. The 40% steam void is also used in some calculations to 
represent an average BWR core moderator density. In all cases, steam is simply represented as 
void. 
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The MOP code and input models are used to calculate the hot and cold lattice k-infinity for 
prediction of the fuel lattice moderation conditions as a function of lattice pitch, steam void 
coefficients of d v i t y ,  erbia poison concentrations, and fuel lattice criticality as a function of 
burnup. In addition, MCNP was used to calculate the fuel pellet radial power distributions and 
cross sections for the ORIGEN2 burnup calculations. 

5.2 COMBINE Pin Cell Model Descrbtion 
The COMBINE-5 and COMBINE-6 calculations both use a one-dimensional infinite cylindrical 
pin cell model with dimensions also based on the commercial GE 8x8 AEWR fuel assembly. The 
pin cell model is similar to the MCNI? unit cell model, except the moderator region is represented 
geometrically by a volume-equivalent cylindrical annulus around the clad instead of a square region. 

The COMBINE3 and COMBINE-6 codes and input models were used primarily to calculate the 
fuel Doppler coefficients and lattice isothermal temperature coefficients as a function of burnup. 
One-group cross section comparisons between COMBINE-S/COMBINE-6 and MCNP were also 
performed to ensure some correspondence between the two different calculational techniques. 
Cross section comparisons are in excellent agreement, although no results will be given in this 
document. 

5.3 Burnup Calculah 'on2 
Constant power rod burnup calculations are performed with the ORIGEN2 computer code. The 
lumped fuel rod mass is assumed to produce via fission a constant and continuous thermal power 
output over each burnup increment and throughout the fuel burnup lifetime. The constant rod 
power outputs chosen are 75.0 and 150.0 kW/rod or 6.0 and 12.0 kW/ft LHGRs, respectively. The 
6.0 kW/ft LHGR represents an average value for the ABWR core as a whole; the 12.0 kW/ft 
LHGR is simply the average doubled. Since the ABWR has a 14.4 kW/ft LHGR upper limit, the 
12.0 kW/h rate is a conceivable operating rate. The burnup calculations are based on continuous 
effective full power days (EFPD) of rod power output and do not make provision for plant 
operation or an assigned capacity factor ( 0 .  

In order to initially estimate the required plutonia fuel rod loading for a 3-year burnup, two 
assumptions had to be made: (1) 6.0 kW/ft LHGR and (2) 100% burnup of all the plutonium. For 
the PuO2-ZrO2-CaO fuel rod composition, 1080 EFPD (36 months) at 6.0 kW/ft power output 
was chosen initially, which translated into a 5.69 wt% Pu02 fuel loading for our non-fertile fuel 
composition with no burnable poison. 

A series of preliminary burnup calculations using the 5.69 wt% pU02 in the fuel composition was 
run with variation in the LHGR, moderator steam void, and erbia concentration. In order to 
maintain the fuel rod criticality &hf2 1.0) for a period of up to 1080 EFPD, the ho;! 
concentration in the fuel had to be increased to approximately 8.41 wt%. This higher concentration 
allowed the fuel rod to remain critical over the range of 5OO-1200 EFPD for the 12.0 and 6.0 kW/ft 
LHGRs and the 0,40, and 70% moderator steam void conditions. Burnup calculations were then 
run exclusively with the heavy metal rod mass loading corresponding to the 8.41 wt% Puo;! 
concentration in the Puo;!-Z@-CaO-Er203 fuel composition. 

In this study, the point at which the fuel rod goes subcritical &-infinity I 1.0) is the designated 
point in EFPD at which plutonium burning is deemed complete (note: with a checkerboard 
arrangement of high and low (burned up) reactivity fuel assemblies, high reactivity assemblies could 
drive subcritical assemblies to higher burnups). Therefore, it is important to ensure that the fuel rod 
reactivity is accounted for accurately at each time step over the burnup period. Two key parametric 
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Table 1. List of the fuel nuclides/isotopes whose neutron cross sections are updated 
with each bumup time step. 

Plutonium 

Higher Actinides r 
Burnable Poisons 

Fission Products 

NUCLIDES 

lab, 1 6 7 ~  
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areas of sensitivity to the fuel rod reactivity are: (1) the number of higher-order actinides and 
fission product poison nuclidesfisotopes that are included in the fuel rod inventory and (2) neutron 
cross section variation with burnup. 

In order to determine how many higher-order actinide and fission product nuclidesfisotopes were 
required for the calculations, preliminary studies increased the number of higher-order actinides and 
fission product nuclides until the kinfvalue converged. The final number of nuclidesfisotopes that 
correspond to a converged lattice khf is given in Table 1. Cross sections are calculated at each time 
step for all69 different nuclides: 5 plutonium isotopes, 4 higher-order actinide nuclidesfisotopes, 2 
burnable erbium poison isotopes, and 58 different fission product nuclidesfisotopes. The 
concentration of the diluent nuclides, namely, Zirconium, calcium, and oxygen, are assumed to 
remain constant in the burnup calculation, and their BOL cross sections are not updated at each time 
step. 

In order to calculate and utilize the appropriate burnupdependent neutron cross sections in our 
burnup calculations, the MCNP, ORIGEN2, and the MOCUP codes were employed The 
computer intensive and time-consuming calculation involved a sequential and repetitive procedure 
involving these three codes. First, the.MCNP code is executed in order to calculate the infinite 
lattice kinf and generate the total cell flux and reactions rates for the fission, capture, and (n2n) 
neutron cross sections for each of the plutonium isotopes, the erbium poison isotopes, and all 58 
fission products in the fuel composition. Second, the total flux and reaction rates are then read and 
arithmetically manipulated into one-group cross sections by MOCUP and fed as input to the 
ORIGEN2 input file. In addition, the MCNP material card number densities are read and 
transferred by MOCUP to the ORIGEN2 input file. Third, the LHGR and burnup interval is 
selected for the ORIGEN2 input file and the burnup calculation run for the time interval duration. 
Fourth, nuclide concentrations in the ORIGEN2 output file are then fed back into a new updated 
MCNP input file by MOCUP, and the process begins anew for the next time step with the 
calculation of new a kinf value and the total cell flux and reactions rates. 

Although the MCNP code is capable of calculating quite accurately one-group or multi-group cross 
sections, only one-group cross sections are required as input for the ORIGEN2 model. MCNP 
cross sections are both spectrally and spatially weighted over the fuel rod volume and are based on 
continuous energy neutron cross sections for the fuel, clad, and moderator nuclides. 

The time interval between cross section updates is crucial to the accuracy of the burnupahlation. 
After preliminary testing and cross section behavior observed over the burnup cycle, the following 
time points in Table 2 were used to update neutron cross sections for the two different LHGRs 
used in the study. 

Concern over the statistical error associated with the MCNP-generated one-group cross sections 
and the propagation of these errors through the burnup calculation is mitigated because the absolute 
statistical errors associated with the cross sections, particularly in the case of the fission and capture 
cross sections of the major fuel actinides and poisons, were quite small. Absolute errors were less 
than 0.5% and in most cases significantly less than 0.5%. In addition, with sufficient time steps 
and the relatively smooth and flat behavior of the cross sections over most of the burnup (except 
near EOL), one would expect the statistical aberrations to be relatively insignificant and possibly 
cancel each other out over the course of the burnup calculation. 
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Table 2. Time points over the bumup period in which neutron cross sections are calculated by 
MCNP and updated for the next ORIGEN2 burnup calculation. 

TIME POINTS 
for the 6.0 kW/fi LHGR 

(days) 
0 
1 

50 
100 
200 
300 
400 
500 
600 
700 
800 
900 
1000 
1100 
1200 
1300 

TIME POINTS 
for the12.0 kW/fi LHGR 

0 
1 

50 
100 
200 
300 
400 
500 
550 
600 
650 

(days) 
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6.0 NEUTRONIC EVALUATION -- PuO2-ZrO2-CaO FUEL 

6.52 
5.69 
3.83 
2.89 
1.94 
0.97 

This section presents neutronic calculational results that characterize the behavior of a plutonia- 
ziconia-calcia (PuQpm-CaO) fuel composition (without a burnable poison) in a boiling water 
reactor operational environment using the ABWR fuel assembly dimensions and pitch for the 
infinite lattice calculations. The Pu@-ZQpCaO fuel composition neutronic characteristics in 
Section 6.0 here can be compared with those of the Pu@-m-CaO-E1203 fuel composition 
presented in Section 7.0 in order to see the improvement with the addition of the burnable erbia 
poison. 

Burnup results in Section 6.6 are based on BOL cross sections. Hot operating conditions assume 
the fuel to be at 2153 K, clad at 880 K, and the light water moderator 600 K and cold conditions are 
assumed to be 300 K or room temperature. 

101 
88 
59 
44 
29 
15 

5.1 Undermoderated o r Overmoderated Lamce 
The highly reactive nature of weapons-grade plutonium metal immersed in a light water moderator 
leads to relatively low BOL rod mass loadings without a burnable poison. For example, an initial 
132-gram plutonium metal mass (8.41 wt% h02) in a 12.5 ft long and 0.41 1 in OD BWR fuel 
rod (without a burnable poison) wiU produce a k-infinity value of approximately 1.6 for a 40% 
steam void in the moderator. With these relatively low heavy metal mass loadings, questions of fuel 
assembly moderation arise: Is the ABWR fuel assembly under- or ovemoderated over its burnup 
lifetime and should the ABWR pitch be modified to accommodate the non-fertile fuel rods? 

Figure 3 shows the variation in k-infinity as a function of fuel assembly lattice pitch for a range of 
bo;? rod mass loadings. The MCNP-calculated k-infinity results presented on Figure 3 are for 
fuel, clad, and moderator at hot operating conditions with 40% moderator steam void. The selected 
range of mass loadings attempts to parallel the expected heavy metal loadings as a function of 
burnup. The ABWR pitch is also indicated on Figure 3. Table 3 below provides cross reference 
data between the plutonia weight percent loading in the rod and the actual grams of weapons-grade 
plutonium metal used in the parametric studies. 

Table 3. Plutonia weight percent mass loading and corresponding weapons-grade plutonium 
metal per fuel rod for the Pu@-2k@-CaO fuel composition. 

PUO2 I PuMetal 

It is apparent from Figure 3 that the ABWR lattice is in the desired undermoderated condition for 
all the fuel loadings. Even the lightest loading (0.97 wt%) which is at the peak of the curve could be 
considered undermoderated. This is implies that the fuel lattice will remain undermoderated 
throughout the fuel burnup lifetime and as we shall see in Section 7.4 on burnup characteristics this 
is the case. 
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From Figure 3, it is also apparent that as the Pu@ weight percent increases, the lattice attains a 
p t e r  undermoderated condition. Therefore, for a P@ weight percent greater than 6.52 wt%, for 
example, 8.3 wt% which will be used in later sections in conjunction with a burnable erbia poison, it 
is predicted here that the lattice will remain in an undermoderated condition. 

Figure 4 shows the variation in k-infinity again as a function of lattice pitch and also as a function 
of moderator steam void percent for both hot and cold operating conditions using a constant 5.62 
wt% Pu@ fuel loading. As expected, the lattice becomes more undermoderated as the steam void 
percent inmases. At zero steam void for both hot (600 K) and cold (300 K) moderator 
temperatures, the ABWR lattice continues to remain in the undermoderated condition. These trends 
are expected to apply to the other PuO2 fuel mass loadings as well. 

Figure 5 shows the variation of k-infinity as a function of the moderator steam void percent The 
k - W t y  values decrease with increasing steam void percent for the ABWR pitch and a 5.69 wt% 
Puo;? fuel mass loading. This behavior is predictable from Figure 4 and desirable from a Loss-of- 
Coolant Accident or power excursion standpoint 

An important observation here is that the ABWR, although designed for U@ and MOX fuels, 
possesses the desirable undermoderated condition over a range of operating conditions for a non- 
fertile type fuel. In this case, the non-fertile fuel is a weapons-grade P u o ; ? - ~ - C a O  fuel. In later 
sections, even though the non-fertile fuel here will contain a smaU amount of burnable poison to 
hold down the excess reactivity of the weapons-grade plutonium, the basic results of this section 
will still apply as later verified. Selection of the ABM fuel assembly lattice dimensions for our 
study of non-fertile fuels was therefore deemed acceptable. 

4.2 steam Void Coe fficient 
Based on the k-infinity data calculated by MCNP (Figure 5), the BOL steam void coefficient of 
reactivity can be calculated and is plotted on Figure 6. The steam void coefficient is negative over 
the entire steam void range and becomes increasingly more negative as the steam void percent 
increases, as desired. 

The steam void coefficient of reactivity is defined to be the ratio of the reactivity diffemce for the 
infinite lattice with steam void and unvoided to the steam fraction30. The steam fraction being the 
coolant channel volume occupied by steam. 

5.3 ~ o s s s e c t i o  ns and Steam Void 
It is of interest to understand the variation in the plutonium isotopes’ fission and absorption cross 
sections as a function of moderator steam void. Figure 7 shows the phtonium isotopes’ one-group 
spectrum-averaged capture and fission cross sections as a function of moderator steam void. It is 
clear that the capture and fission cross sections decrease with increasing steam void. One exception 
is the small 24% fission cross section. The 239h and 241Pu fission cross sections decrease at a 
greater percentage rate than the capture cross sections and therefore account for the decrease in 
reactivity as a function of increasing moderator steam void (Figure 5). 

Also shown on Figure 7, at zero moderator steam void, is the sharp drop in the 239Pu and x1Pu 
fission and capture cross sections and the increase in 
moderator temperature from 300 to 600 K. The rise in moderator temperature here attempts to 
represent the change from cold standby to hot standby. The resulting change in reactivity results in 
a desirable negative reactivity feedback. 

capture cross section for a rise in the 
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Figure 5. K-infinity as a function of moderator steam void percentage for the ABWR lattice, hot 
operational conditions, and a 5.69 wt?h Pu02 fuel rod mass loading. 
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Figure 7. Plutonium isotope cross sections as a function of moderator steam void percentage for the 
Al3WR lattice and a 5.69 wt% PuOa mass fuel rod loading. 



4.4 Doppler Coefficient 
The COMBINES-calculated prompt fuel temperature coefficients of reactivity (Doppler 
coefficients) are shown on Figure 8 as a function of fuel temperature and moderator steam void 
percenL The coefficients are negative over the fuel temperature range of 900-2400 K. The 
magnitude is relatively flat, ranging between -0.2 and -0.6 pcm/K. The coefficients are calculated 
using the ABWR pitch, a 5.69 wt% Puo;! mass loading, and hot operating conditions. 

The Doppler coefficients for the Pu@-ZQ$aO fuel are negative as desired, but are 
approximately an order of magnitude less than those for commercial U@ fuel. The negative 
magnitude can however be increased with the addition of a burnable rare& poison per Section 
7.9. 

6 5  Isothe mal TemDerature Coe fficient 
See Section 7.10 for the results and discussion discussion of the isothermal temperature coefficient 
of reactivity for the Puo;!-Zr@-CaO fuel with and without the burnable poison erbium 

5.6 Bmw Poison Additives 
In order to hold down excess reactivity and increase heavy metal rod mass loadings, it is desirable 
to add a burnable poison to the base ternary fuel mixture. The rare-earths elements and their 
isotopes were chosen as potential poison additives, because of their resonance absorption to 
enhance the negative magnitude of the fuel Doppler coefficients. Specific rare-earth elements were 
then singled out based on their burnout characteristics. The ideal poison characteristic for a “deep 
burn” application is a relatively rapid burnout over the cycle so as to continually add reactivity to 
the fuel and extend the burnup as long as possible. With little poison remaining at EOL, very little 
hold down reactivity remains and maximum fuel burnup can achieved. The following five rare-earth 
poisons were evaluated for this purpose: 

Gd (Gadolinium) 
Er (Erbium) 
Eu (Europium) 
Sm (Samarium) 
Hf (Hafnium) 

Oxide compounds of the these rare-earth elements can readily be homogeneously added to our base 
ternary fuel composition (Pu@-m-CaO). The rare-earth poisons were added to the Pu@- 
Zro2-CaO (8.41 wt% he) fuel composition in concentrations such that the BOL lattice kinf for 
the base ternary composition with no poison decreased from 1.6 to approximately 1.3 with the 
addition of the poison. MCNP-generated BOL one-group neutron cross sections were used in 
ORIGEN2 input for the burnup calculations. It should be noted that these burnup calculations did 
not update the cross sections during the burnup as is done in Section 7.5 for the Pu@-m-CaO- 
Er203 fuel composition detailed burnup calculation. 

Figure 9 shows the k-infinity curves as a function of burnup (EFPD) for the five rare-earth poison 
fuel compositions and for comparison our base PuO2-ZrO2-CaO fuel composition without a 
burnable poison. The two poisons that allow the fuel rod to remain critical the longest and therefore 
would maximize plutonium burnup, were gadolinium and erbium with maximum burnups of at 970 
and 930 EFPD, respectively for a 6.0 kW/fi LHGR. 

Using the longest achievable burnup as our sole criteria would lead to the selection of gadolinia as 
our burnable poison. However, we choose erbia over gadolinia for the following reasons: (1) the 
erbia bumup reactivity was nearly as good as gadolinia, (2) more erbia mass is actually added to the 
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fuel composition for ease of homogenization, and (3) pellet radial power distributions would be 
more uniform with erbii The erbia mass required to hold down the same amount of excess 
reactivity is much greater than the gadolinia mass, i.e. 282 gmmdrod versus only 3.4 grams/kod. 
The larger erbia mass per rod improves the Doppler coefficient more than the gadolinia (Reference 
2) and the small linear gadolinia rod mass loading (0.12 @a) may cause concern over the 
uniformity of gadolinia distribution in the fuel pellets. In addition, from Reference 2, the use of 
erbia in a PWR produces a more negative isothermal temperature coefficient that may be of concern 
in the lower unvoided region of the BWR core. 

Despite these considerations, gadolinia may still be an acceptable non-fertile fuel burnable poison in 
a BWR simply because of the potential for greater percent plutonium destruction and reduce total 
cost on a per mass basis. Further work would be quired to design and neutronically verify 
gadolinia usage. 
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7.0 NJ3JTRomc EVALUATION -- PuO7-Zfi-CaO -Er7& - FUEr. 
The following sections evaluate a plutonia-zirconia-calcia-erbia (l?uO@QyCaO-&@) fuel 
composition in a Boiling Water Reactor environment using the ABWR fuel assembly dimensions 
and pitch for the infinite fuel lattice calculations. The effects on neutronic performance with the 
addition of the burnable poison, erbia, to the fuel composition can be compared with those of 
Section 6.0 for the base ternary fuel composition with no burnable poison. 

* E r i  n n n 
The infinite ABWR lattice k-infinity relationship to erbia and plutonia concentration is shown on 
Figure 10. These curves are useful in selecting the amount of erbia that is required to be added to 
hold down excess reactivity for a given plutonia loading. The lattice k-infinity decreases 
exponentially with increasing erbia volume percent of the fuel composition. Data are based on the 
ABWR pitch and a 40% moderator steam void. 

One advantage of using a fast burning poison, such as erbia, is that the BOL poison concentration 
in the fuel composition can be increased or decreased within relatively broad limits and still achieve 
virtually the same plutonium destruction at EOL. Use of variable fuel poison concentrations in fuel 
pellets will allow the reactor designer flexibility in holding down life cycle excess reactivity for 
control system compatibility and radial and axial fuel loading variations in the fuel assembly for 
power flattening. 

The neutronic evaluation that follows will focus on the non-fertile fuel composition with a single 
plutonia and erbia loading as specified in Table 4 below: 

Table 4. Volume, atom, and weight percentages of the constituent materials in the Pu@-Zd& 
CaO-Er2Og fuel composition. 

Constme nt Vol% At% Wt% 
PUO!? 4.0 3.80 8.3 

79.0 81.08 80.4 
16.0 14.27 9.7 

-%Q 1 .o 0.85 1.6 

zroz 
CaO 

Selection of this fuel composition is based on previous calculational results and the arbitrary 
selection of a BOL lattice k-infinity of approximately 1.33. Adjustments of these constituents are 
of course possible and ultimately will be required to optimize a fuel assembly and account for both 
control rod and radial and axial fuel rod mass loadings necessary in a BWR. For the purposes of 
this study, the chosen values represent a good first order fuel composition constituent concentration 
estimate for typical BWR LHGRs and fuel burnup lifetimes and in addition provide a median point 
from which material property and performance sensitivity studies can be performed on the 
companion non-fertile LDRD studyl. 

lLm!ia 
Substitution of the crystal stabilizing agent calcia for another stabilizing agent, namely, yttria has 
been proposed in the companion LDRD study1. The potential benefit of this substitution is a 
further improvement in the non-fertile fuel burnup performance. 
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From a neutronic standpoint, the substitution of yttria for calcia should be of little consequence 
since both materials are relatively inert. However, just to make sure, MCNP input models were 
modified and executed with the yttrium cross sections substituted for the calcium cross sections in 
ow Pu@-ZQyCaO fuel composition, which then became essentially a Pu@-Z02-Y203 fuel 
(both cases have a 5.69 wt% Pu@ rod loading). The lattice k-infinity results are shown on Figure 
11 as a function of -03 volume percent added to the fuel composition. Minor variation is 
detected in the k-infinity values. It can be concluded that the substitution of yttria for the calcia will 
have very little effect on future neutronic analyses. 

7.3 cn 'ticallv of a S in& Fuel Assemblv in Air 
Since a 10-kg sphere of solid plutonium- metal (high density alpha phase) is critical2g, a natural 
concern is the mass of plutonium metal contained in a weapons-grade plutonium non-fertile fuel 
BWR fuel assembly. For the selected non-fertile fuel composition (Section 7.1), a 64-rod 
assembly would contain at BOL approximately 8.45 kg h metal. This is below the 10-kg limit, 
and the assembly which is a relatively high leakage configuration compared to the sphere is 
therefore expected to be subcritical. 

The state of criticality of a sin'gle &rod fuel assembly with the non-fertile fuel was calculated in air 
using MCNP. The k-effective value calculated was 0.02048 fl.00004, indicative of a very 
subcritical configuration. However, handling concerns may still arise from array stacking, flooding, 
radiation emission, and of course proliferation and diversion. 

7.4 ABWRPitch 
As in Section 6.1, the under- or overmoderated question of the ABWR assembly pitch is again 
addressed for the non-fertile Pu02-Zro2-CaO-Er203 fuel composition. Figure 12 shows the hot 
lattice k-infinity as a function of lattice pitch (ABWR pitch indicated on the figure). The lattice k- 
infinity is calculated at BOL for the three moderator steam void conditions (0,40, and 70%) at hot 
operational conditions and at cold conditions with zero moderator steam void. 

It is clear from Figure 12 that the ABWR lattice pitch with our BOL pu02-m-CaO-E~O3 fuel 
composition remains in the as desired undermoderated condition for each of the four conditions 
evaluated. These results confirm those obtained in Section 6.1 for the h @ - m - C a O  fuel 
' composition. The ABWR pitch is further validated as a function of burnup with the calculation of 
steam void coefficients of reactivity in Section 7.8. 

7.5 BurnuDCalcu lations 
Bumup'calculations were performed in accordance with the methodology described in Section 3.0. 
The MCW-calculated k-infinity values as a function of EFPD are shown on Figure 13 for both the 
6.0 and 12.0 LHGRs and the 0,40, and 70% moderator steam void conditions. 

The reactivity letdown (Figure 13) is relatively flat for the 6.0 kW/ft LHGR and as expected has a 
sharper drop off for the 12.0 kW/ft LHGR. The product of LHGR and the maximum achievable 
EFPD appears to be nearly constant for each of the three different moderator steam void conditions. 
One point of intemt is the effect of the moderator steam void on the burnup duration, i.e. the 
greater the steam void, the sooner the lattice goes subcritical, and less EFPD are achieved that 
ultimately results in a lower plutonium destruction at EOL. 
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Figure 13. K-infinity as a function of burnup, linear heat generation rate, and moderator steam void 
for steady-state hot operating conditions using the ABWR lattice pitch. 



ni ‘on 
kzt:;:  estimated for an infinite BWR lattice at hot operating conditions based on 
the number of EFPD at which the fuel lattice remains critical &> 1.0). The percent plutonium 
destruction is defined as a ratio of the plutonium mass fissioned to the initial BOL plutonium mass 
loading. Plutonium destruction is given for the combined plutonium isotopes and separately for the. 
23% isotope and is given as a function of moderator steam void percent (0,40, and 70%) and 
linear heat generation rate (6.0 and 12.0 kW/ft). The results are given in Table 5. Individual gram 
masses for each of the plutonium isotopes are also provided for BOL and EOL. It should be noted 
that the greater the moderator steam void condition, the lower the percent plutonium destruction, for 
example, 71-73% plutonium destruction for the 0 to 40% steam void condition versus 60% for the 
70% steam void condition. 

Fi 

40% moderator steam void condition. Figure 15 shows the gram masses per fuel rod for the 
erbium isotopes (IaEr, 167Er, and 16%) as a function of burnup for the same LHGR and steam 
void condition. Very little of the 16%~ isotope (largest thermal absorption cross section of the 
erbium isotopes) remains at EOL. 

e 14 shows the gram masses per fuel rod of the plutonium isotopes (23%‘~~ *MPu, %lPu, and 
24 Y Pu) as a function of burnup (EFPD). This particular case is for the 6.0 kW/ft LHGR and the 

In a BWR, the steam void in the moderator increases with core height. Therefore, one might expect 
lower plutonium destruction percentages at the higher core elevations and higher destruction 
percentages at the higher density moderator in the lower and middle core elevations. Although the 
percent plutonium destruction values in Table 5 represent a “maximum” destruction level under the 
conditions of the analysis here, these levels are believed to be achievable with an effective fuel and 
core power management scheme. Higher percent destructions may be possible if a reduction in 

. steam quality could be tolerat&. 

7.7 Production of Higher-order Actinides 
Table 5 also gives the gram quantities for the significant higher-order actinides per fuel rod that are 
roduced during exposure. The mass quantities include contributions from four isotopes: 241Am, 

&3Am, a*Cm, and MCm. Inclusion of two other actinides, a5Cm and 246011, would increase the 
total mass values by approximately 510%. All other higher-order actinide concentrations were 
relatively insignificant. The 2-3 gram quantities of actinides per fuel rod at EOL represent about 
10% of the total EOL actinide mass including the plutonium isotopes. 

7.8 Moderato r Steam Void Coe fficient of Reactivity 
The moderator steam void coefficient of reactivity as defined in Section 6.2 is calculated at four 
points over the fuel burnup lifetime (0,600,1000,1200 EFPD) for the 6.0 kW/ft LHGR case. 
Zero EFPD corresponds to a BOL fuel composition, 600 EFPD corresponds to a MOL fuel 
composition, and 1000 and 1200 EFPD span the EOL fuel compositions for the 0-70 % steam void 
Figure 13). At each time point the fuel composition is characterized by the appropriate 
concentrations of the 5 plutonium isotopes, 4 higher-order actinides, 2 burnable poison (erbia) 
isotopes, and 58 fission products as predicted by the ORIGEN2 code. 

Figure 16 shows the hot A B M  lamce k-infinity as a function of moderator steam void percentage 
at each of the four burnup points. The k-infinity values drop off with increasing steam void that 
results in negative steam void coefficients of reactivity for all points over the fuel burnup lifetime. 
Figure 17 shows the dimensionless negative moderator steam void coefficients of reactivity as a 
function of steam void for the four points in the burnup. 
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Table 5. Isotopic and total plutonium rod masses at BOL and EOL along with the maximum percent plutonium destruction 
and destruction rate for the given EFPDs after which the fuel assembly goes subcritical. 

Pu240 
(gm/rod) 

7.67 

15.56 
12.69 
12.97 

13.85 
11.69 
12.29 

Steam 
Burnup I f f i R  I Void I Pu-238 PU-241 Pu-242 

(g m/rod) (g m/rod) 
0.46 0.03 

8.98 4.90 
10.35 4.56 
12.66 2.94 

8.87 5.26 
10.41 4.72 
13.09 2.90 

(EFPk) 
0.0 (BOL) 

(kW/ft) (%) (gm/rod) 
0.02 

1209 
1200 
1025 

625 
61 0 
525 

Pu-239 
(g m/rod) 
123.78 

6 0 0.37 
6 40 0.44 
6 7 0  0.37 

12  0 0.20 
12 40 0.22 
12 7 0  0.19 

8.22 
10.04 
22.73 

6.93 
9.71 

23.69 
~ctive Full I 

Total Pu 

(gm/rod) 
131.95 

38.03 
38.06 
51.66 

35.1 1 
36.76 
52.17 

Total Pu 
Destruct 

0.0 

71.2 
71.2 
60.8 

(%) 

73.4 
72.1 
60.5 - 

PU-239 
Destruct 

0.0 

93.4 
91.9 
81.6 

(%) 

94.4 
92.2 
80.9 

Total Pu* 
Iestruct Rate 
(g/rod/y r) 

0.0 

28.4 
28.6 
28.6 

56.6 
57.0 
55.5 

Actinide" 
Product 

Jgm/rod) 
0.0 

2.4 
3.0 
2.7 

2.5 
2.9 
2.5 
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Figure 16. K-infinity as a function of moderator steam void and burnup for steady-state hot 
operating conditions and a 6.0 kW/ft fuel rod LHGR. 
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It may also desirable to ensure that the BWR design condition at room temperature also has 
negative void coefficients30. Figure 18 shows the cold ABWR lattice k-infinity as a function of 
moderator void percentage at three points in the burnup. The k - W t y  values drop off with 
increasing void and again results in negative void coefficients of reactivity over the fuel bumup 
lifetime. Figure 19 shows the ’dimensionless negative moderator void coefficients of reactivity as a 
function of void for the three burnup points. The one positive value for the 1200 EFPD at 10% 
void condition is believed to be an MCNP statistical aberration and would most likely be negative if 
more particles were run to improve the Monte Carlo statistical result. 

7.9 DOPP ler Coeffic ient 
The COMBINE6-calculated prompt fuel temperature coefficients of reactivity (Doppler 
coefficients) are shown on F&we ‘20 as a funition of fuel temperature, mode&& it& void 
percentage, and three burnup points. The moderator temperam is assumed to be held constant at 
approximately 600 K. The Doppler coefficients calculated at the three burnup points correspond to 
BOL (0 EFPD), MOL (600 EFPD), and EOL (1200 EFPD) for the 6.0 kW/ft LHGR case. The 
coefficients are calculated using the ABWR pitch under hot operating conditions. 

The Doppler coefficients are all negative as desired over the fuel temperature range of 900-2200 K. 
The coefficients attain a greater negative magnitude as the fuel temperature is decreased and the 
burnup increases. The latter conclusion is due primarily to a net increase of arasitic resonance 

the coefficients at 0 and 600 EFPD are relatively insensitive to moderator steam void, however, the 
sensitivity increases at higher burnups as is evident in the 1200 EFPD case. At 1200 EFPD, the 
coefficients range from approximately -0.8 to -2.0 pcm/K over an 800-2200 K temperature range 
and become more negative in magnitude with increasing moderator steam void. 

absorption from buildup of MPu and fission products versus the loss of 16 .p Ex. The magnitude of 

7.10 Isothermal Ternwature Coefficient 
The isothermal temperature coefficient of reactivity (ITC) was calculated over the temperature range 
of 300-500 K. The lattice k-infinity values at each temperature were calculated with the fuel, clad, 
and moderator at the same temperature. The temperature range should have extended up to 
approximately 550 K, i.e. saturation conditions in the ABWR at 1050 psig, however, we were 
limited by the availability of S(cj,,p) neutron cross section evaluations for hydrogen in light water. 
Trends to higher temperatures however are easy to discern from the figures. 

Figure 21 shows the variation in the isothermal temperature coefficients as a function of burnup. At 
BOL (0.0 EFPD at 6.0 kW/f), the isothermal coefficient is negative over the entire temperature 
range. The same is true for the MOL (600 EFPD at 6.0 kW/ft), but becomes less negative 
compared to the BOL values. As the burnup progresses, somewhere between 600 and 1200 EFPD 
the isothermal coefficients become positive, since at EOL (1200 EFPD at 6 kW/ft) the coefficients 
are positive. 

Positive ITCs were also observed in the previous non-fertile fuel study2 for low mass loadings of 
PWR fuel rods and high reactivity. These rods contained no burnable poison to hold down 
reactivity. However, when a burnable poison (gadolinia, europia, or erbia) was added to these rods 
the plutonia content increased and the isothermal temperature coefficients became negative. The 
addition of the poison was at that time assumed to be the major player contributing to the negative 
coefficient. 

However, Figure 22 clearly shows that a BWR fuel rod loaded with approximately 8.41 wt% Puo;! 
and no burnable poison also has a negative ITC at BOL over the isothermal temperature range of 
interest. This fuel rod contains approximately ten times the plutonia compared to the lightly loaded 
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PWR fuel rod case in which the isothermal coefficients were positive. In addition, Figure 22 also 
shows the effect of adding erbia (1.0 ~01%) to the 8.41 wt% Pu@ fuel. Erbia clearly increases the 
negative magnitude of the ITQ, however, the plutonia loading in the fuel rod appears to be the 
major parameter effecting the ITC. 

Apparently the higher Pu@ loadings (e.g. 8.41 wt%) produce some self-shielding or spectral 
effects that cause the isothermal t e m p e m  coefficients to be negative and as burnup occurs and 
the Pu@ concentration decreases (the erbia concentration also decreases), the ITCs tend to become 
more positive until near EOL the coefficients actually do become positive. The positive coefficients 
for heavily burned assemblies may be of some operational concern for cold startup conditions, but 
can easily be overcome by keeping the core rodded with sufficient negative hold down reactivity 
until the operational saturation temperatures are reached, then the negative steam void coefficient of 
reactivity would take over as the dominant feedback mechanism. 

.11 Pellet Radial Power Distribution Compan 'son 
;wo experimentally measured BOL LWR fuel pellet radial power distributions31 are compared to 
our calculated Pu@-2102-CaO-Er203 fuel pellet radial power distribution at BOL. The two LWR 
fuels are U@ and U@-Gd2Q. The three radial power distributions are plotted as point-to- 
average power density versus pellet radius and are shown on Figure 23. 

The Uo;! power profile has the smoothest power distribution of three fuel types and will produce 
the least amount of thermal stress on the fuel pellet. The addition of Gd203 to the U@ fuel is 
designed to extend the fuel burnup and rimximize pellet power output. The large absorption cross 
section of 157Gd self-shields the pellet interior, forcing pellet burnup to proceed from the pellet 
edge to the interior over time. The U@-Gd2@ fuel, however, has the highest point-to-average 
variation near the pellet edge (BOL), which leads to significant pellet thermal stress and potential 
cracking over the fuel burnup lifetime. Our P u 0 2 - ~ - C a O - E ~ 0 3  fuel however has a relatively 
smooth radial pellet power distribution comparable to that of the Uo;! fuel. 

7.12 Cross Section Variation with Burnup 
The neutron cross sections of the major plutonium isotopes ( 2 3 % ~ ~  %()€%I, and 24%) and the 
burnable poison erbium isotope (167Er) undergo significant change over the fuel burnup lifetime. 
One-group spectrum-averaged fission and capture cross sections are calculated for selected fuel 
nuclides. Figure 24 shows the fission and capture cross section variation with burnup for the three 
major plutonium isotopes: 239Pu, ah,  and 3 1 h .  Figure 25 shows the capture cross section 
variation with burnup for the two erbium isotopes: 1MEr and 167Er. Fi 

147Pm, q c ) .  Results are for the 40% moderator steam void and 6.0 kW/ft case. 

e 26 shows the ca ture 
cross section variation with burnup for six selected fission products (13 Y Xe, 149Sm, 151Sm, &5Eu, 

The general cross section trend is an increase in magnitude with increasing burnup. This is 
probably the result of a decrease in the self-shielding of the fuel 

sections relative to the capture cross sections would tend to increase the fuel reactivity which would 
in turn help to extend the fuel burnup. However, this benefit appears to be offset somewhat by the 
increase in all the fuel constituent capture cross sections as well. The increase in the capture cross 
sections of the fission products towards EOL would tend to burn down the fission product 
concentrations. This is articularly true for those fission products with very large capture cross 

poisons) with cross sections of a few barns or less tend to continue to build up over the fuel burnup 
lifetime. Unfortunately, the few-barn fission product nuclides include most of the long-lived fission 

llet by plutonium and erbium 
and spectrum softening. The large magnitude increase in the 23 B" Pu and 24% fission cross 

sections (e.g. 135Xe, 14 8 Sm, 151Sm, 147Pm). Fission products (and actinides and burnable 
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products. Figure 27 shows the gram masses per fuel rod of the six selected fission products as a 
function of bumup (EFPD). 
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8.0 CONCLUSIONS 

The non-fertile, weapons-grade Pu02-23@-CaO-Er203 fuel composition exhibits very favorable 
infinite lattice neutronic charactexistics in an boiling water reactor environment using the General 
Electric 8x8 Advanced Boiling Water Reactor fuel assembly dimensions and pitch. This fuel 
composition should be considered as a strong potential candidate fuel form for light water reactor 
“deep burn” applications. 

Plutonium destruction of between 60-73% of the initial plutonium mass in a fuel rod can be 
achieved before the fuel lattice goes subcritical. The percent destruction is given as a range because 
of the dependence on the axial variation of the moderator steam void in the BWR core, but would be 
weighted towards the higher end because the bulk of the BWR core contains light water with 
0 4 %  steam void where the maximum destruction is 71-73%. For an 8.3 wt% Pua loading in 
our PuOpBO2-CaO-&O3 fuel composition, approximately 8.45 kg Pu metal can be loaded into 
the GE 8x8 fuel assembly (assuming 64 fuel rods and no radial zoning) at BOL, and after burnup 
assuming a 70% destruction, would contain approximately 2.54 kg Pu. At a linear heat generation 
rate of 6.0 or 12.0 kW/ft, the fuel rods would burn for approximately 1200 and 600 EFPD, 
respectively. 

Total plutonium destruction in excess of the calculated 60-73% should be possible with an efficient 
fuel management scheme, for example, a checkerboard loading pattern. High reactivity fuel 
assemblies (fresh fuel) placed next to subcritical, low reactivity fuel assemblies (burned fuel 
assemblies) can drive the subcritical assemblies to higher burnups. The calculated 60-73% 
destruction is based on the assumption that fuel assembly burnup terminates when the k c 1 . 0  
point is reached. Actual total plutonium destruction could be as high as 80-85% for a 
checkerboard-type fuel management scheme. 

The Pu@-m-CaO-&@ prompt fuel Doppler coefficients of reactivity are negative over the 
entire fuel burnup for moderator steam voids of 0,40, and 70% and become more negative with 
burnup. The steam void coefficients of reactivity are strongly negative over the entire fuel burnup 
for the 040% steam void range. The isothermal temperature coefficients (ITC) are negative at BOL 
and MOL, but tend to become less negative with burnup until somewhere between MOL and EOL, 
the coefficients become positive. The positive ITC would be a concern for the transition from cold 
standby to hot standby between MOL a d  EOL, but could easily be overcome by maintaining a 
sufficiently rodded core to provide the necessary negative reactivity. 

Although a Pu02-Zr02-CaO-Gd203 fuel composition (gadolinium burnable poison) was not 
analyzed in detail, the use of gadolinia in place of erbia should not be dismissed without further 
study. Potentially greater plutonium destruction can be achieved over the burnup and significantly 
less poison mass needs to be added at BOL, which translates into cost savings. 

The P u @ - ~ - C a O  fuel composition without a burnable poison is not a viable fuel composition 
because of its high reactivity in light water at very low rod mass loadings. Consequently, the fuel 
rods at commercial power levels would experience premature burnout. A burnable parasitic rare- 
earth resonant absorber poison must be added to this composition to hold down excess reactivity, 
allow for adequate plutonia loadings, achieve acceptable cycle lengths and plutonium destruction, 
and to improve the Doppler coefficients. Thus, the evolution to a Pu@-ZQ-CaO-Er203 fuel 
composition. 

Our non-fertile, weapons-grade Pu@-Zr02-Ca0-E~@ fuel composition is designed for use in 
both a BWR and a PWR The BWR appears to have at least two advantages over the PWR in that 
the moderator density change with increasing temperature provides additional negative reactivity 
feedback via the increase in moderator steam void, and the moderator contains no dissolved boron 

52 



which would tend to degrade the ITCs. The PWR, on the other hand, has arelatively uniform axial 
moderator density that would perhaps allow for more of the core to achieve the 70-73% plutonium 
destruction over the fuel burnup lifetime. 
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NEUTRON CROSS SECTION DEVELOPMENT 
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MCNP neutron cross section libraries were developed for the following isotopes at the given 
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