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Abstract

In this project a comprehensive study was performed with a sate-of-the-art multi-
physics code system to examine the technical issues of a thom-based matrix with fast
reactors. The utilization of thorium-based fuels has beendss developed than other fuels.
The characteristics of thorium-based fuels in terms of theai potential role in assisting
the reduction of current plutonium stockpiles and proliferation resistance aspects are
promising.

The next generation nuclear reactor systems should reducehe inventory of long-
lived radioactive species, the radio-toxicity of dischargd fuel elements, and the overall
heat load on the nal disposal systems, thus making nuclear pwer more sustainable.
To achieve this goal, advanced technologies in recycling & and converting long-lived
actinides into energy must be further investigated. There tas been a renewed interest in
sodium cooled fast reactors and thorium based fuels. Sincedsanced fast reactors are
very e ective at transmutation, their use will help to reduc e such inventory by burning
transuranics from Light Water Reactor (LWR) spent fuel. Imp roving the utilization of
fertile material in fast reactors is vital.

In order to ensure the projected expansion of nuclear powemi conjunction with a
reduced risk of nuclear weapons proliferation, new convernal sources of fuel will have
to be made available. Thorium-based fuel is an attractive opion due to the fact that
fewer transuranics (TRU) are produced compared to uraniumbased fuels. Fast spec-

trum reactors with plutonium-thorium or TRU-thorium fuel s uggest that thorium-based



v
fuels can e ciently reduce the plutonium stockpile while maintaining acceptable safety
and control characteristics of the reactor system . A thorium-based fuel matrix allows
e ective burning of plutonium and minor actinides (Am, Cm, N p) since no plutonium

and minor actinides (MA) are generated from the thorium.
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Chapter 1

Introduction

1.1 Background

The energy demand is expected to grow exponentially in deveping countries.
Nuclear energy is clean and does not emit green house gasess Wuclear power becomes
a popular option as a clean, economical, and safe alternatéessource of energy, there are
challenges that must be addressed in order to increase the stainability of the nuclear
option for further development. Issues such as spent fuel gatment and transmuta-
tion technologies for current operating reactors must be adressed. Therefore, the U.S.
Department of Energy launched the Advanced Fuel Cycle Initative (AFCI) to develop
technologies to reduce the amount of high-level radioactig waste requiring geologic dis-
posal, reduce signi cantly and make more proliferation-resistant accumulated plutonium
in the civilian spent fuel.

In a 2005 report to Congress the U.S. Department of Energy ideti ed strategic
goals for the AFCI that would keep open the option to rely on nuclear power for a portion
of the nation's energy needs [4]. The strategic goals outlied in the AFCI program are
discussed here which is the motivation and scope of this thés work.

The rst objective of the AFCI program is to minimize the envi ronmental im-
pact of nuclear energy through the disposal of waste materia. This involves developing

new technologies so that an additional geologic waste repitsry will not be required.



The elimination or destruction of transuranics (minor actinides + plutonium) and heat
producing ssion products is the most straight forward method to minimizing the en-
vironmental impact. The second objective of the AFCI program is to minimize any
proliferation potential inherent in the spent fuel. The thi rd objective is to guarantee a
long-term stable supply of nuclear energy. This can be reatied by either extracting en-
ergy recoverable in spent fuel or exploring alternative resurces, which will be discussed
in the next chapter. Finally, the fourth objective is to impr ove the fuel cycle manage-
ment in order to continue competitive fuel cycle economics ad meet safety requirements.
Aspects involving the economics will not be addressed in ttg study.

AFCI will play an important role in reinstating the nuclear ¢ apabilities and facil-
ities within the U.S. The deployment of new innovative methods can meet AFCI goals
for the transmutation of transuranics, and maintain long term environmental and pro-

liferation resistant goals.

1.2 Fast reactors

A fast reactor is a nuclear reactor where the vast majority of ssions are produced
by fast neutrons. The rst fast reactor to go critical and pro duce electricity was the
Experimental Breeder Reactor-1 (EBR-I) designed by Argonre National Laboratory in

the 1950s. The fuel used for the EBR-I core wa$>°U surrounded by a?®

U re ector,
called blankets, and cooled by a sodium-potassium alloy (Ni€). Various types of fast
reactors continued to be developed where a considerable amnat of data was obtained

to understand their fuel performance and reliability. Details of metallic fuels used in fast

reactors have been reported by Walters et al [1]. More recent).S . e orts to develop



sodium-cooled fast reactors included the Integral Fast Reetor (IFR) and the Advanced
Liquid Metal Reactor (ALMR) programs.

Large amounts of nuclear waste containing plutonium and miror actinides have
been produced during the operation of light water nuclear paver plants. There has
been a renewed interest in sodium cooled fast reactors to meenodern-day needs to
burn these actinides. Fast spectrum reactors are being invaigated by the AFCI to
enable their repeated recycling since this is an e ective wga of transmuting and burning
actinides. The sodium cooled fast reactor has been one of scandidates chosen by the
U.S. Generation IV Initiative for the management of actinid es and production of energy.

An important safety feature which distinguishes fast reacors from thermal reac-
tors is the short prompt neutron lifetime. Other importanti ssues such as delayed-neutron
fraction as well as the reactivity e ects caused by coolant widing are characteristics rele-
vant to safety that di erentiate between thermal and fast re actors. Due to the fact there
is no moderation into the thermal region of fast reactors, the prompt neutron lifetime is
much shorter for fast reactors as compared to thermal reacts. Such a disadvantage can
cause the power level in fast reactors to rise quicker duringn accident. Smaller fraction

of delayed neutrons is more important, prompt neutrons are o fast for power control.

1.3 Literature review

The development of fast reactors has increased over the yesr Table 1.1 summa-
rizes some research and development of sodium cooled fastiotors conducted in Ger-

many, Japan, UK, Russia, China and the USA (the DRF plant usesa sodium-potassium



coolant). Studies have been done on the ‘closed' thorium fuecycle in fast spectrum re-
actors in France. An IAEA report [2] documents studies done o thorium fuel cycles for
fact reactors. Since the current work will investigate uranum and thorium based fuel,
conclusions drawn from the referenced report will be reiteated here. The referenced
report draws the following conclusions based on the Europeafast reactor (EFR) and

CAPRA reference designs:

There was a a 35% decrease in sodium void reactivity of (Th, Pu)Q, compared
to the reference (U, Pu)O, core of EFR and even more ( 65%) in a (Th, U) core.
The Doppler constant is similar in (Th, Pu)O , cores and 50% greater in (Th-U)

cores than in standard (U-Pu) cores.

Large plutonium consumptions occur in (Th-Pu)O,, fuel, both EFR-like and CAPRA-
like compared to reference (U-Pu)Q fuel for EFR. The Pu consumptions were
higher in CAPRA-like compared to the EFR-like and were 880 kgGW(e).y and
660 kg/GW(e).y respectively.

233

In EFR-like (Th-Pu)O , fuel with ThO , fertile blanket, there is enough“""U pro-

duced to feed a similar (Th-U) reactor after 15 years of operations. Thus, with

plutonium burning it is possible to initiate a 232Th-233y fuel cycle faster. A 'closed’,

232 233

self-sustaining “"“Th-"""U cycle is possible with inde nite recycling but with very

long linear doubling time of nearly 300 calendar years withat taking operating,

ageing and cooling time of fuel into consideration.

233 232

The U and “"“U contents in EFR-like core after 1700 E ective Full Power Days

233

(EFPD) operation + 5 years were 92.93% and 0.23%, respectig The “°°U

4



content in the blanket regions were much higher and 95%, 98%ral 96% in lower

axial, upper axial and radial blankets respectively. The®®?

U content in the ThO ,
blankets of EFR-like (238Th, 233U)O2 core was higher than with (Th, Pu)O, core
and in the range of 97.9%, 99% and 98% in the lower axial, upper axial and

radial blankets respectively. These values were 90.28% ar@l22% respectively for

the CCAPA-like core after 990 EFPD + 5 years.

1.4 Thesis outline

The current study is structured in ve chapters. The rst cha pter begins with
an introduction of the motivation and scope behind this work describing the central
ideas to be addressed. Chapter two discusses the technicas@ects and challenges of
thorium as a source of nuclear fuel and where thorium-basedukls stand today. Then,
in chapter three the method used to conduct this research priect is discussed. The
reference reactor design used is described along with majgrarameters. The analysis
tools utilized are also described in chapter 3. Chapter 4 is evoted to the presentation
of the results and description of the models created. Finall, chapter ve summarizes

the work done, draws conclusions and recommends any future auk.



Table 1.1. List of research and development of sodium coolethst reactors conducted
around the world

Name & country Fuel Power [MWth]
Bystrij Reactor (BR-10) UN 8
Russia

Bystrie neytrony (BN-350) /Kazakhstan V(o)) 750
bystrie neytrony (BN-600) /Russia UO5 then PuO»-UO» 1470
BN-1600 /Russia PuO,-UO, 4200
BN-800 /Russia PuO,-UO, 2100
MONJU /Japan PuO,-UO» 714
Dounreay fast reactor (DFR) U-Mo 60
United Kingdom

Enrico Fermi Fast Breeder Reactor U-Mo 200
(EFFBR)/USA

Kompakte Natriumgekuhlte PuO,-UO» 58
Kernreaktoranlage (KNK-I1) /Germany

Experimental Breeder Reactor |1 u-Zr 62.5
(EBR 11) /JUSA

Advanced Liquid Metal Reactor U-Pu-Zr metal 400
(ALMR)/USA

Fast Flux Test Facility PuO,-UO» 400
(FFTF)/USA

Fast Breeder Teast Reactor (FBTR) PuC-UC 40
India

China Experimental Fast Reactor uo, 65
(CEFR) / China

Rapsodie/France PuO,-UO» 40
Super-Phenix 2/ France PuO,-UO»

Phenix/France PuO,-UO» 563
Prova Elementi di Combustibile PuO,-UO» 120
(PEC)/Italy

Bystrij Opytnyj Reactor (BOR-60) PuO,-UO» 55
Russia

Bystrie neytrony (BN-1800) PuO,-UO» 4000
Russia

BREST-1200 /Russia PuN-UN-MA 2800
JOYO / Japan PuO,-UO» 140
European Fast Reactor (EFR) PuO,-UO» 3600




Chapter 2

The case for thorium

The 2008 IAEA report predicts that there are enough uranium resources adequate
to supply global nuclear energy needs for at least 100 yeard ¢he present consumption
level [3]. However, with a global expansion of nuclear powerit is important to utilize
alternative resources to meet the increasing global energglemand. In addition, the
management of nuclear waste associated with the spent fuekia challenge that must
be resolved in order for nuclear power to resonate with the geeral public. The next
generation nuclear reactor systems should reduce the invéory of long-lived radioactive
species, the radio-toxicity of discharged fuel elements,rad the overall heat load on nal
disposal systems, thus making nuclear power more sustainéda The US Department of
Energy, as part of the Advanced fuel Cycle Initiative, has renewed interest in sodium-
cooled fast reactors to burn transuranics and reduce the enkonmental impact of nuclear
waste [4].

Transuranics are elements in the periodic table with atomicnumbers higher than
uranium. Thorium based fuels have distinctive features forthe next generation reac-
tors that provide enhanced minimization of waste with more proliferation resistance.
Thorium-based fuel is an attractive option due to the fact fewer transuranics (TRU) are
produced compared to uranium-based fuels. Fast spectrum eetors with plutonium-

thorium or TRU-thorium fuel suggest that thorium-based fuels can e ciently reduce the



plutonium stockpile while maintaining acceptable safety and control characteristics of
the reactor system. Thorium is three times more abundant in rature compared to ura-
nium and provides greater advantages to plutonium incinerdéion and burnup potential.
Since advanced fast reactors are very e ective at transmuttion, their use will help to
reduce such inventory by burning transuranics from Light Water Reactor (LWR) spent
fuel.

The overall modeling for this fuel study is based on the advaned sodium cooled
fast reactor, PRISM, fueled by recycled spent LWR fuel (PRISVI was developed during
the DOEs Advanced Liquid Metal Reactor program). The discussion on the con guration
of the S-PRISM core, which is examined in this study, is showrin Section 3.0.1.

In order to evaluate the e ciency of thorium based fuel matri ces in sodium-
cooled fast reactors, the reference model must rst be reptiated and validated with
benchmark results. The rst step in the validation process is to model the pin cell and
fuel assembly having a repeating PRISM lattice. These modsland results are presented
in this thesis. Once these calculations are performed and Vaated, subsequent work
included modeling remaining assemblies and eventually maaling the reactor core or
core sector of symmetry.

Studies have shown that thorium-based fuels in fast spectrmm systems can e -
ciently perform the task of reducing reactor grade and weapns grade plutonium stockpile
while maintaining acceptable safety and control characteistics of the reactor system [5].
However, the database and experience of thorium fuels and #hthorium fuel cycles are
very limited as compared to other fuels [2]. In addition, in ader to ensure that the

projected expansion of nuclear power can be achieved in camjction with reduced risk



of nuclear weapons proliferation, reduction of radio-toxtity of discharged spent fuel,
burning of plutonium and transmutation of minor actinides, new conventional sources
of fuel will have to be made available. Thorium, which is beleved to be more than
3-4 times more abundant throughout the world (Table 2.1 ) than uranium, can help
greatly extend nuclear fuel resources. Furthermore, thomm based fuel is an attractive
option due to the fact fewer transuranics are produced compeed to uranium-based fu-

235U enrichment requirements

els, potential reduction in fuel cycle cost, reduction in
and safer reactor operation due to lower core excess reactiy requirements. Previous
investigations performed in test and power reactor experinents; modular high tempera-
ture reactor [6], boiling water reactor (BWR) [7], light wat er reactors (LWR) [8], have
all demonstrated that thorium based fuel, whether in combination with uranium, pluto-
nium, or uranium/plutonium have many attractive features i ncluding the possibility of
reduction of long-term radio-toxicity of discharged spentfuel, breeding of ssile material
(233U), burning of plutonium, transmutation of minor actinides , and improvement of the
proliferation resistance aspects [10].

The technical merit of this study would be to evaluate the e ¢ iency of thorium-
based fuel matrices in terms of burning waste radioactivitywhile keeping adequate values
of some safety parameters. The overall modeling for the fuedtudy will be based on the
advanced sodium cooled fast reactor, PRISM, fueled by recyed spent LWR fuel. In

other words, the reference core design for comparison will & based on the advanced

sodium-cooled fast reactor, PRISM, fueled by recycled spenWR.



Table 2.1. Estimated thorium deposits around the world [9].

Country Tonnes %
Australia 452,000 17.6
USA 400,000 15.6
Turkey 344,000 134
India 319,000 124
Brazil 302,000 11.7
Venezuela 300,000 11.7
Norway 132,000 5.1
Egypt 100,000 3.9
Russia 75,000 2.9
Greenland 54,000 2.1
Canada 44,000 1.7
South Africa 18,000 0.7
Others 33,000 1.3
Total 2,573,000

2.1 Thorium properties

Thorium is a heavy element that occurs in nature. Unlike uranium, thorium has
no ssile isotope on its own. Thorium cannot undergo ssion when bombarded with
thermal and fast neutrons but can be used as fertile materialthat forms ssionable

233y through neutron capture and decay process. The thorium-uanium fuel cycle is as

follows;
232 233 233 233
+ | |
Then gyt 1880 |44
22 minutes 27 days 159,200 years
Unlike 2*8U which is the abundant uranium isotope and can be converted nto

239py and follow the following uranium-plutonium cycle;

10



238 239 239 239

U+n e I L S e

23:5 minutes 2:4 days 24;110 years

The average total numbers of neutrons liberated per neutronabsorbed in ssion

for 23U is greater than 2.0 (Table 2.2 ) over a wide range of thermal netron spectrum.

This advantage, however, can be o set sincé*Pa is a neutron absorber that lessens the

233 233

yield from ““"U. The “"“Pa produced in the conversion chain of the thorium-uranium tiel

239

cycle has a longer half life than the™ Np developed in the uranium-plutonium cycle.

Therefore, the thorium-uranium fuel cycle requires longercooling time so that the 233pg
(which is also a radiological hazard) can decay té>3u. Nonetheless, during the thorium
fuel cycle much less transuranics isotopes are produced cgared to the uranium fuel
cycle, which minimizes the amount of radiotoxicity inherited in the spent fuel. This
characteristic makes the thorium-uranium fuel cycle very dtractive and falls in line with
the rst objective of the AFCI discussed in Section 1.1. Exanples of reactors developed

for the use of thorium fuel cycles are the High-Temperature Gs-Cooled Reactor - HTGR

[12] and the Molten Salt Reactor [13].

Table 2.2. Average neutron yield over fast and thermal speata ( ) [11].
239, 235, 233,

LWR spectrum 204 206 2.26
LMFBR spectrum 245 210 231

In the decay chain of thorium based fuels, there contains a awsiderable amount

of 232 208

U which decays into penetrating gamma rays fe’zBi and “"TI) making the spent

11



fuel safe from diversion. This can be seen as an advantage s it is less subject to
diversion of materials for non-peaceful purposes. Howevethe tradeo of the decay of
232 can result in the buildup of radiation dose and would require remote and automated
reprocessing which will compromise the cost of the fuel cyel and require additional

shielding. Nonetheless, remote and automated reprocesgnalso severs as additional

diversion deterrent.

12



Chapter 3

Methodology

The continuous energy Monte Carlo method has the capabilityof modeling in-
creased material heterogeneity and complex geometry corgneironments with high accu-
racy. The tasks of this project include building a PRISM core physics model in MCNP5
[14] and obtaining results for actinide burning using Th-TRU-Zr fuel. The same analysis
will be compared with the same core system using U-TRU-Zr andother matrix fuels
of di erent composition. Results obtained will provide data on a comparative basis re-
garding actinide burning of uranium versus thorium-based tiel. Subsequently, burnup
calculations will be performed using MONTEBURNS2.0 which @muples the Los Alamos
National Laboratory (LANL) MCNP and ORIGEN2.2 computer cod es to calculate cou-
pled neutronic and isotopic results for this reactor core stidy and produce a large number
of criticality and burnup results based on various speci caions. Cross-section data will
be processed using NJOY to generate cross section librariesThe XS-GEN code is a
program developed at PSU to automate the generation of tempmature dependent con-
tinuous energy cross-section libraries and thermal scatténg cross-section libraries using

NJOY99.161 for an unlimited number of isotopes as selectedybthe user.

3.0.1 S-PRISM

The overall modeling for the fuel study will be based on the agdanced sodium

cooled fast reactor, PRISM, fueled by recycled spent Light Vdter Reactor (LWR) fuel.
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The con guration of the S-PRISM core, which will be examined in this study, is shown
in Figure 3.1. The positional discrimination features can ke more easily depicted in
Figure 3.2, which is plotted in MCNP. As you can see from Figue 3.2, the blanket
assemblies (colored in green) are distributed at the centeof the core and in concentric
rings throughout the core region. Such blanket distribution makes this a heterogeneous

core.

3.0.2 Core description

In the perimeter of the S-PRISM metal core con guration there are six Gas Ex-
pansion Modules (GEM). GEM assemblies di er from the other assemblies in their com-
ponents and are designed to enhance neutron leakage and néga reactivity feedback
upon loss of primary ow coolant. In the current study the GEM assemblies were not
modeled due to the lack of material and dimensional con gurdion data available. How-
ever, comparisons between thorium and uranium based fuelsra made with identical
core con gurations.

The core rates 1000 MWt and with a cycle burnup swing of 3.4 % k/kk' (103%).
The core is loaded with metal fuel, U-Zr-TRU with a limit of 30 wt% TRU enrichment
and a burnup of 150 MWd/kgHM. Metal fuel bundles use 271 pins wth a fuel outer di-
ameter of 0.5477 cm. The blanket bundles have 127 fuel pins thi a fuel outer diameter
of 1.0046 cm. The ssion gas plenum is located above the fuebtumn. The long ssion
gas plenum in this design serves as an upper axial shield. Inddition, the long pin end
plugs located below the fuel column act as a lower axial shiding. HT9M is used for the

cladding and HT9 for the remaining core components. The Radil shielding and re ector
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Fig. 3.1. S-PRISM metal core con guration [16].
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Fig. 3.2. SPRISM metal core con guration modeled in MCNP5.
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assemblies surround the core and blanket assemblies. Theassemblies protect the reac-
tor vessel and major components within the vessel from neutin and gamma radiation.
The re ector assemblies contain pin bundles of solid HT9 rod and the shield assemblies
use large tubes lled with boron carbide for radial shielding. Furthermore, boron car-
bide is also used in the control assemblies. The fuel assemtdnd pin dimensions for the
metal fuel of the S-PRISM are listed in Table 3.1.

Once the PRISM core model is developed, it is used to providehte insight that is
necessary to judge the limitations of the thorium fuel systen. This research will ascer-
tain the limitations based on the long-term performance andbehavior of the fuel under
core operating conditions. Additionally, the resulting knowledge gained and techniques
developed during this project support the re-establishmenof the domestic infrastructure
in the US fast reactor development program. The thorium cyck o ers an alternative, in-
novative concept for fast reactor fuels to better burn transuranics; this study will provide

test cases for DOE to make comparisons between options.

3.1 Computational tools

3.1.1 MCNP5

MCNP is a Monte Carlo transport code developed at LANL. It is a continuous
energy Monte Carlo N-Particle transport code that solves the neutron transport equation
exactly for any type of reactor. It has the capability of modeling increased material
heterogeneity and geometry complexity core environments wh high accuracy. The code

has been extensively validated and veri ed with benchmark esults [18, 19]. The Monte
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Table 3.1. Fuel assembly and pin dimensions for the S-PRISM1[7].

Fuel Type Metal
Assembly Type Fuel Blanket
[in] [mm] [in] [mm]
Assembly Pitch 6.355 161.142 | 6.355 161.142
Duct Gap 0.170 | 4.32 0.170 | 4.32
Duct Wall Thickness 0.155 | 3.94 0.155 | 3.94
Load Pad Gap 0.010 | 0.25 0.010 | 0.25
Pin count 271 127
Pin Outer Diameter 0.293 | 7.44 0.473 | 12.01
Pin Cladding Wall Thickness 0.022 | 0.559 0.022 | 0.559
Fuel Outer Diameter 0.2156 | 5.477 0.3955 | 10.046
Pin Spacer type SSWW SSWW
Spacer Pitch 8.0 203.2 8.0 203.2
Spacer Wire Diameter 0.056 | 1.422 0.037 | 0.940
Fuel Fabricaion Density (% of Theoretical Density) 100.0 100
Fuel Smeared Density (% of Theoretical Density ) 75 85
Volume Fractions
Fuel 28.30 44.61
Bond (Fuel-Cladding Annulus) 9.43 7.84
Coolant 36.57 26.54
Structure 25.70 20.97
Axial Dimensional Data
Fuel Type Metal
Assembly Type Metal Breakeven Metal Breeder
Assembly Axial Segment [in] [mm] [in] [mm]
Upper handling Socket (Total) 12.00 | 304.80 | 12.00 | 304.80
(Handling Socket - Duct Overlap) (0.27) | (6.86) (0.27) | (6.86)
Duct Stando 1.75 44.45 1.75 44.45
Pin-Upper End Plug 1.00 25.40 1.00 25.40
Pin-Upper Plenum 75.25 | 1911.40 | 67.65 | 1718.30
Pin-Upper Axial Blanket 8.00 203.20
Pin-Core 40.00 | 1016.00 | 40.00 | 1016.00
Pin-Lower Axial blanket 8.00 203.20
Pin-Lower End Plug 44.00 1117.60 | 35.60 | 904.24
Pin (Total) 160.25 | 4070.35 | 160.25 | 4070.35
(Pin-Grid Overlap) (0.36) | (9.14) (0.36) | (9.14)
Support Grid 2.04 51.82 2.04 51.82
(Grid-Nosepiece Overlap) ‘o (0.68) | (17.27) | (0.68) | (17.27)
18
Duct (Total) 164.47 | 4177.54 | 164.47 | 4177.54
(Duct-Nosepiece Overlap) (1.20) | (30.48) | (1.20) | (30.48)
Nosepiece (Total) 13.00 | 330.20 | 13.00 | 330.20
Assembly total Length 188.00 | 4775.20 | 188.00 | 4775.20




Carlo method is a statistical process that tracks individua particles throughout its life

to its death. The latest version of MCNP, version 5 is used in he current study.

3.1.2 ORIGEN2.2

ORIGEN2.2 is a burnup and depletion code developed at Oak Ride National
Laboratory and is used in the current study [21]. ORIGEN is a mmputer code used for
calculating the decay, buildup, and processing of radioaéve materials. The code system
uses a matrix exponential method to solve a large system of opled, linear, rst-order
original di erential equations with constant coe cients. It calculates the new number

densities and the nuclides after each burnup step using a ongroup energy model.

3.1.3 MONTEBURNSZ2.0

MONTEBURNS is an automated tool developed at LANL that coupl es MCNP
and ORIGEN. A MONTEBURNS input le is required where the user can specify the
power, time intervals, material feed, and isotopes need to e tracked, and other code-
speci ¢ parameters. MONTEBURNS couples the MCNP and ORIGEN computer codes
to calculate coupled neutronic and isotopic results and prduce a large number of criti-
cality and burnup results based on various speci cations. Fux and cross-section values
are transferred from MCNP to ORIGENZ2 where the resulting change in material com-

positions are then fed back to MCNP from ORIGEN in a repeated &shion.
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3.1.4 MONTEBURNS input parameters

MONTEBURNS input les were created describing parameters required for the
MCNP models being studied. These parameters have to be optiimed to the desired

precision and accuracy and are described in the subsequentilssections.

3.1.5 Reactor power

The reactor power is the total nominal power generated by thesystem represented
in the MCNPS5 input le in units of MW. The reactor power and ene rgy produced per
ssion input values are used to normalize the ux from MCNP5 in each burned region
for ORIGENZ2.2. In each of the burnup studies done in this study, the power is constant
over the burn steps. For the case of the pin-cell, the activedel height along with the S-
PRISM peak linear power value at BOC (297.7 W/cm) was used to alculate the power.
Likewise, the same approach was used for the assembly modéissing the average linear
power of 192.5 W/cm) and accounting for all the pins in the asembly. As one-sixth of

the core was modeled, the power used was one-sixth of the tdtaore power.

3.1.6 The energy produced per ssion

The energy produced per ssion, Q, is given in units of MeV. THs value represents
the recoverable energy per ssion (Q) for the system in unitsof MeV. The user has the
option of either entering the desired Q-value or to have MONTEBURNS calculate the
average Q. A negative sign entered for a Q value indicates thahe value of the energy
produced per ssion is calculated by MONTEBURNS based on the ssile isotopics of

the system. Furthermore, the Q value will then be calculatedas the sum of all actinide
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Q fractions based on the fraction of ssions caused by a speciisotope times the Q of

that isotope divided by the Q value, as shown in the followingequation;

e, T
= = 5 1
Qave F Vi |-'j Vj (3 )
j=1 n
where
Q... = the average recoverable energy per fission for all material s;
ins = average energy per fission for material ] (MeV);
‘ ’n = value of flux of material j obtained from MCNP output file;
X 1
= macroscopic fission cross section of matrialj (cm 7)
f
V! = total volume of all cells containing material | (cm3); and
M = number of materials being analyzed

Since the system being modeled is in constant change with baup the energy
generated by the combination of the ssile isotopes is not kmwn. Therefore, in all
the burnup cases studied, the option to have MONTEBURNS calwlate the average
recoverable energy per ssion was used based on the ssilea®pic composition of the
fuel used. The total approximate energy per ssion in a fast eactor is 213 MeV. The

source of this energy is given in Table 3.2.
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3.1.7 Length of time step

The length of the time step indicates the length of time which the irradiation at
constant power will occur. The subsequent input requiremenfollowing the total length
of time for irradiation is the value for the number of times the cross-section values for
ORIGENZ2.2 are updated by MCNP5. This parameter is very important for the accuracy
of results except at very short time steps. Long time steps wold have the amounts of
materials change too quickly where inaccurate uxes are calulated as the materials are
fed back to MCNP5. The time-steps are inversely proportiond to the accuracy of the
results. Shorter time steps however will require more comptational time. In the older
version of ORIGEN (v2.1) there were problems incorrectly pedicting the ssion produce
yield from the higher actinides, which have been resolved inthe newer version (v2.2).
Code modi cations, as well as reducing the irradiation time step to no more than 100
days/step, for materials containing a higher fraction of minor actinides, reduced the

discrepancy from 10% to 0.16% [21].

Table 3.2. Approximate energy per ssion in a fast reactor [D]

Contribution Energy (MeV)
PROMPT: Fission fragment kinetic energy 174

Neutron kinetic energy 6

Fission gammas 7

Gamma from (n, ) reactions 13

DELAYED: | Betas from ssion product decay 6

Gammas from ssion product decay | 6

Betas from 239U and239Np decay |1

TOTAL 213
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3.1.8 Number of predictor steps

This value, an integer, indicates the number of times crossection values are cal-
culated halfway through each burnup time-step. This is an inportant parameter that
a ects the accuracy of the results. The cross sections and ues are sampled halfway
through each outer burn step by MCNP while assuming halfway g@proximated composi-
tions. These calculated values are then transferred to ORIG&NZ2.2 to perform a new run
and determine the nal compositions. Therefore, this input parameter, which dictates
the number of times in which cross section are calculated hélay through each step, is
referred to as the number of predictor steps. A predictor st is automatically added for
the initial burn step because the actual spectrum averagedpne group cross section for a
system may be di erent than whats supplied in the chosen defalt ORIGENZ2.2 library.
In the analysis conducted in this study the predictor step vdue was set to one. A value
of one was chosen since very long time steps will not be used @the motive of this work

is a comparative study.

3.1.9 Importance fraction

This value de nes the lower bound value to help determine whch isotopes are
considered \important" to the overall burnup calculations . If an isotope value, according
to its atom fraction, weight fraction, fraction of absorpti on and fraction of ssion, does
not exceed the importance fraction limit, it is not considered important and wont be
included in all transfers from ORIGENZ2.2 to MCNP throughout the run. The lower the
value of the importance fraction increase the MONTEBURNS cdculation time. The

importance fraction value used in the current studies was seto a value of 0.0001.
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3.1.10 Tallied isotopes

This value, an integer, indicates the number of isotopes fowhich the user speci es
to obtain tallies which are to be written in the MONTEBURNS ou tput le. Following
this input value is the list of isotopes according to their MCNP identi ers. During each

burn step MONTEBURNS will list the following values for each of the isotopes listed:

One group (n; )cross sections

One group fission cross sections

One group fission to capture ratio

grams of material at the beginning and end of each step (grams)
Activity (Curie)

Heat Load (watts)

Inhalation (m3air) and Ingestion toxicities (mswater)

Grams produced or destroyed

In the analysis conducted in this study thirty- ve isotopes were tracked by MON-

TEBURNS and are listed in Table 3.3.

3.2 Neutron uxes

MCNP5 was used to provide insight into the physics of the corenodel by account-

ing for creation and loss of all tracks and their energy; the mmber of tracks entering
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Table 3.3. 35 &

\ctinides chosen to be tracked in MONTEBURNS

Isotope ZAl D LIBRARY SOURCE | TEMPERATURE [K]
Th-232 | 90232.66¢c| endf66¢ B-VI.0 293.6
Th-233 | 90233.42¢c endl92 LLNL 300.0
Pa-231 | 91231.66¢| endf66c B-VI.0 293.6
Pa-233 | 91233.66¢| endf66c B-VI.0 293.6

U-233 92233.66¢| endf66c B-VI.0 293.6
U-234 92234.66¢| endfé6e B-VI.0 293.6
U-235 92235.66¢| endf66c B-VI.5 293.6
U-236 92236.66¢c| endfé6e B-VI.0 293.6
U-237 92237.66¢| endf66c B-VI.2 293.6
U-238 92238.66¢| endfé6e B-VI.5 293.6
Np-236 | 93236.42c endl92 LLNL 300.0
Np-237 | 93237.66¢c| endf66c B-VI.1 293.6
Np-238 | 93238.42c endl92 LLNL 300.0
Np-239 | 93239.66¢c| endf66c B-VI.0 293.6
Pu-238 | 94238.66c| endf66c B-VI.0 293.6
Pu-239 | 94239.66¢c| endf66¢c B-VI.5 293.6
Pu-240 | 94240.66c| endf66c B-VI1.2 293.6
Pu-241 | 94241.66¢c| endf66¢c B-VI.3 293.6
Pu-242 | 94242.66¢c| endf66c B-VI.O 293.6
Pu-243 | 94243.66¢c| endf66¢c B-VI.2 293.6
Am-241 | 95241.66¢| endf66c B-VI.3:X 293.6
Am-242m | 95242.66c| endf66¢ B-VI.1 293.6

Am-243 | 95243.66¢| endf66c B-VI.5 293.6
Cm-242 | 96242.66¢c| endf66c B-VI.0 293.6
Cm-243 | 96243.66¢c| endf66¢c B-VI.0 293.6
Cm-244 | 96244.66¢c| endf66c B-VI.O 293.6
Cm-245 | 96245.66¢c| endf66¢c B-VI.2 293.6
Cm-246 | 96246.66c| endf66c B-VI1.2 293.6
Cm-247 | 96247.66¢c| endf66c B-VI.2 293.6

Cm-248 | 96248.66¢c| endf66¢c B-VI.0 293.6
Bk-249 | 97249.66¢c| endf66¢c B-VI.0 293.6
Cf-249 | 98249.66¢c| endfé6ec B-VI1.0:X 293.6
Cf-250 | 98250.66¢c| endf66c B-VI.2 293.6
Cf-251 | 98251.66¢ endl92 LLNL 300.0
Cf-252 | 98252.66¢c| endfé6ec B-VI1.2 293.6
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and reentering a cell plus the track population in the cell; energy of tracks in a cell [14].
The tallies in MCNP are normalized as per ssion neutron geneation. The units for the
ux tallies are particles per unit time per unit area. The val ue generated by the MCNP

tally needs to be multiplied by a constant in order to obtain the correct units for the

particles ; ; ; Al ;
UX, “7Fission netirons - This constant, which is referred to as a multiplication constant

here, is de ned in eq. 3.2;

Multiplication constant = P (3.2)
Q ky
where
P = power of input being modeled (watts)
= average number of fission neutrons perfission;
Q = average recoverabel energyJ=fission )
k, = eigenvalue of the system being modeled

Multiplying the normalized value produced by MCNP with the m ultiplication

constant results in the correct units for the ux.

3.2.1 Calculation method

MCNP calculations were performed to calculate the ux averaged on a cell to

evaluate the radial power pro le. The MCNP \F4" tally and Tal ly Multiplier cards were
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used to calculate the power produced by a system modeled. Thicalculation was veri ed
with a quick calculation using the Godiva experiment model cocumented in the MCNP5
manual. The \F4" neutron ux tally from the Godiva criticali ty problem is multiplied
by four FM bins (i.e., FMn (-1 B (-6) (-6 8)), where B=material number). By using the
F4 tally and the FM bins just mention, MCNP returns a value of 1.3678 10 * The
following calculation shows the power level calculated akr normalization to a power

level of 100 MW;

J
Power = F4 vqume(cm3) Total source 1:602 10 19@ (3.3)
where
P MW MeV
T otal source = M 6:2420 10'° © 3 (3.4)
F4 volume s cm
1 W
= 040\/' . 62420 10'%; (3.5)
1:3768 10 * 279722 cm
\
= 1:62079 10" = (3.6)
s cm

NOTE: the 6.2420 10" value is a constant to convert the power density from units of

Wl to &7 [22]. Therefore,

Vv J

PowerMW] = 1:3768 10 * 279722cm® 1:62079 10" — > 1:6021 10 *=_;
s cm eV

= 100:003MW (3.7)

27



Despite this tedious calculation, the F6 tally is enough forthe normalized power
distribution (not for the actual power) [23]. Separate MCNP calculations using the F6

tally compared well when using F4 tallies (including the mertion multipliers).
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Chapter 4

Analysis & Results

Several MCNP models were developed and analyzed in the cume study. Ini-
tially, a single fuel unit cell followed by assembly modelss studied. In the unit cell model
a single fuel rod, its cladding barrier, the coolant and its &ial plenum is modeled. This
simpli ed model will be very useful for comparative study of various fuels, Doppler coe -
cient calculations, fuel burnup, and other neutronic parameters. After initial assessments
are made based on the unit-cell and assembly models, a syst@ammodel replicating the
full core was subsequentially created. In each of the modelthe plutonium and minor

actinide burnup are compared.

4.1 Unit-cell Model

Modeling a single unit fuel cell is an advantage since it limis the number of
parameters needed for modeling before considering the whelreactor. Furthermore,
available computer memory is not a major concern when analying such simple models.
An individual fuel pin of the SPRISM design was modeled. The ative core height along
with the upper plenum was included in the model with the parameters listed in Table

4.1.
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Table 4.1. Fuel pin model parameters

Parameter value

Pin outer diameter 0.744 cm
Fuel outer diameter 0.5477 cm
Gap material Na
Cladding thickness 0.0559 cm
Upper gas plenum height| 191.14 cm
Active fuel height 101.6 cm
Average coolant density | 0.847 %
(sodium)

Cladding HT9M

Radial re ective boundary conditions were speci ed in the model of the unit fuel
pin cell which represents an in nite array of repeating fuel pins. A schematic of the
hexagonal unit fuel cell is shown in Figure 4.1.

Initially, three di erent fuels are studied. Two of the fuel s are thorium and ura-
nium based metallic fuels at di erent TRU enrichments. The compositions for each of
these fuels are listed in Tables 4.2 and 4.3, respectively.

The value listed in these tables were used to calculate the thoretical fuel density

P
( ¢)using ; = Wti%, where ; stands for density of the ith material. The TRU content

of the thorium based fuel was increased from 20% to 30% in ordé¢o make its reactivity
more comparable with the uranium-based fuel. The SPRISM pek linear power (297.7
Wi/cm) was used for the pin-cell model. The fuel burnup was catulated at a constant
linear power as a function of time, without any outages. The ENDF/B-VI MCNP

libraries provided with the MCNP5 code at isothermal cold conditions (temperature,
293.6 K) was used. In Table 4.4, the composition for the fuel sed for the ALMR is

listed, which was only used in this section just to see how it ompares with the fuels
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Fig. 4.1. A top-view and cross-sectional schmatic of fuel gi modeled in MCNP5 ( gure
not to scale ).
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Table 4.2. Metallic fuel compositions for thorium based medllic fuel (Th-TRU-Zr).

Isotope Composition
238py, 0.741%
239py 13.737%
240py, 6.783%
241py 3.954%
242py 2.115%
Total Plutonium 27.33%
ZTNp 1.638%
2 Am 0.15%
242Am 0.003%
23Am 0.576%
2420 0.054%
3cm 0.003%
244cm 0.234%
25cm .012%
Total minor actinides 2.67%
D7y 10%
2321h 60%
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Table 4.3. Metallic fuel compositions for uranium based medllic fuel (U-TRU-Zr).

Isotope Composition
238py, 0.4940%
2%y 9.1580%
240p, 4.5220%
241py 2.6360%
242p, 1.4100%
Total Plutonium 18.2200%
ZTNp 1.0920%
2 Am 0.1%

22 Am 0.002%
23am 0.3840%
2420 0.0360%
23cm 0.0020%
244cm 0.1560%
25cm .008%
Total minor actinides 1.78%
Dzy 10%

238 69.86%
238y 0.0014%

Table 4.4. Plutonium-uranium fuel without any transuranic s [24].

Isotope Composition
238p, 0.076%
23%p, 13.756%
240p, 4.427%
241

Pu 0.513%
242p 0.228%
Total Plutonium 19%
238 70.858%
235

U 0.142%
Total Uranium 71%
D7y 10%
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containing TRU. This fuel does not contain any transuranics The isotopic content of
the transuranics used in the fuels studied are based on the ogposition of uranium oxide

spent nuclear fuel given in Table 4.5.

Table 4.5. Weight composition of uranium oxide spent nuclea fuel discharged from
LWR.

Isotope | Composition
238py 2.47%
239y, 45.79%
240py, 22.61%
241py, 13.18%
242py 7.05%
SUN 5.46%
2am 0.50%
242am 0.01%
23am 1.92%
242Cm 0.18%
3cm 0.01%
244cm 0.78%
245Ccm 0.04%

4.1.1 Comparison of reactivity with time

A tight pitch-to-diameter ratio has a higher BOL reactivity and thus, longer
e ective full power days. In the current studies, it is of int erest to track the reactivity
with respect to time until criticality is lost. Therefore, s ince the purpose of this study
is for comparative data, the pin-cell models are modeled wh a large pitch-to-diameter
ratio of 1.6, which also saved computational time. The readlvity versus time for each of

the fuels listed in Section 4.1 are shown in Figure 4.2. Thesealculations were performed
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using one source point. The time steps taken in MONTEBURNS fo this case was 100
days without any outages. Sensitivity studies of the impactof the length of time steps
are studied in Section 4.2.1.2.

For the fuel compositions containing TRU in Figure 4.2, the thorium has a higher
BOL reactivity compared to the U-TRU-Zr fuel, but loses crit icality sooner. Based on
Figure 4.2 the U-20TRU-Zr fuel has almost a 20% longer life cgle compared to the
Th-30TRU-Zr. The 10% increase of BOL plutonium and minor actinide loading in the
Th-30TRU-Zr fuel still wasn't enough to achieve the same lietime as the uranium fuel.
In addition, the U-19Pu-Zr case had a higher BOL reactivity and the longest life cycle
even though it contained roughly the same amount of ssile*%pu compared to Th-
30TRU-Zr. This is due to the higher heavy metal density and sdter spectrum in the

U-20TRU-Zr fuel [25].

4.1.2 Burnup calculations and plutonium content

In this subsection the isotopic composition at the end of cyte is studied. One of
the objectives of this study is to reduce the proliferation potential associated with the
weapons usable materials inherent in the fuel at dischargeTherefore, MONTEBURNS
was used to demonstrate the capability of each fuel type to é@hninate the percent of
transuranic weapons-usable materials at discharge. For ea fuel composition studied
the net change in each isotope of interest at the EOL is shownni Figure 4.3.

239

In all cases the results in Figure 4.6 indicate a depletion ofssile ““"Pu. Table

4.6 lists the fraction of plutonium isotopes at the EOL compaed to BOL.
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Fig. 4.2. Reactivity versus time for pin cell model
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Fig. 4.3. Burnup rate for the net change in TRU for pin cell model
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Table 4.6. Plutonium isotopic content at EOL for the pin cell model
Fuel BOL Plutonium fraction

2.75% | 50.21% | 24.89% | 14.45% | 7.74%

EOL Plutonium fraction
Th-30TRU-10Zr | 5.78% | 33.3% | 38.25% | 9.99% | 12.67%
U-20TRU-10Zr 4.05% | 51.74%| 29.26% | 6.37% | 8.58%

4.1.3 Summary

An initial assessment to investigate the fuel cycle life, neisotopic destruction
(burnup) and spent fuel isotopic content for thorium and uranium based metallic fuels
has been performed. The Th-TRU-Zr matrix fuel with 30% TRU enrichment begins with
a higher BOL reactivity than in the U-TRU-Zr case with 20% TRU enrichment. The
curve for reactivity with respect to time for the U-TRU-Zr ha s a longer fuel cycle life.
An explanation for this, based on the public literature, is discussed later in this chapter.

2%py content at EOL for the

It was interesting to note that the isotopic fraction of
uranium based fuel slightly increased from what it started aut with. Public literature,
which provides similar studies indicate a slight decreaseni the 239py fraction at EOL
[25]. One possibility responsible for the discrepancy obtaed here compared to other
literature could be due the cross section libraries used. Rihermore, these calculations
only re ect results based on a single pin cell with radial re ective boundaries. Fuel pin
cell calculations for fast reactors with axial leakage can oly provide an overestimation
for the results calculated since radial leakage was not acooted for and is signi cant

[25]. Therefore, calculations done at the assembly level Wibe performed to give a better

assessment of the behavior of the fuels of interest before germing a full core analysis.
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4.2 Assembly Model

This section presents MONTEBURNS calculations performedwhich are believed
to give more accurate trends in the fuels studied in preparaibn of the full core analysis.
The same studies performed in the previous section (fuel cye life, spent fuel isotopic
content, and EOL plutonium fraction) in addition to sensiti vity studies are performed
here. Modeling a fuel assembly requires more detail than a unhcell model and will
require more computational time. The active core height alang with the upper plenum

was included in the model with the speci c parameters listedin Table 4.7.

Table 4.7. Assembly model parameters

Design Parameter Value
Assembly pitch 16.142 cm
Pin outer diameter 0.744 cm
Fuel outer diameter | 0.5477 cm
Gas plenum heigh 101.6 cm
Coolant density (Na) | 0.847 25
Linear power 19254
P/D 1.192
Active fuel height 101.6 cm
Gap material Na
Shroud material HT9

Radial re ective boundary conditions were speci ed and a stiematic of the hexag-
onal assembly is shown in Figure 4.4. A close up image of the ssmbly model (Figure
4.5 ) shows more clearly the detailed modeling of the assempl The radial schematic of

the same model is shown in Figure 4.6.
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Fig. 4.4. A top view schematic of a SPRISM driver assembly modled in MCNP5.
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Fig. 4.5. A close up of the fuel pins postitioned in the driverfuel assembly.
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Fig. 4.6. A side view of the SPRISM driver assembly model.
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4.2.1 Sensitivity studies

In order to benchmark the calculations performed, a series fosensitivity calcula-
tions were carried out to ascertain the e cient way of runnin g the computational tools
used in this study. These sensitivity studies served as guiglines for running MCNP5

and MONTEBURNS.

4.2.1.1 Convergence Studies

There is a lot of calculation time involved when performing MCNP5 calculations
with respect to accuracy. The MCNP5 calculations are resposible for most of the com-
putation time for the MONTEBURNS calculations. To ensure a correctly converged
result of k; that produces a statistically correct con dence interval, studies were per-
formed by varying the number of histories per cycle. When prearing a MCNP model, it
is important that the user supplies a su cient number of part icles used to calculate the
neutron uxes. It is important to make sure that the k ,; and the source distribution
converge. If too little iterations are used, the results wil not converge before the calcula-
tion is nished. One way to make sure the uxes begin to tally when the k,;; and source
distribution converge is to have su cient initial cycles ar e discarded (inactive cycles)
prior to beginning the tallies. In addition to the number of i nactive cycles to be dis-
carded, a su cient number of neutrons must be followed in ead cycle so that the bias in
ke and reaction rate tallies becomes negligible [26, 27]. To vy that su cient initial
cycles are discarded, the progression of k and the relative entropy of the Monte Carlo

source distribution was studied. Figures 4.7, 4.8, and 4.9hww the cycle progression of

k, and Monte Carlo source divided by their respective true meanfor 1000, 5000, and
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6000 histories per cycle computations, respectively (thes calculations were performed

using the assembly model shown in Figure 4.4).

g s ,’;ﬂi ig? geu @% ,‘Yﬂ\g f“ Q*r?‘k‘% aéilw i‘?

20 40 60 80 100 120 140
cycle

Fig. 4.7. Source entropy and Kk divided by their respective true man (1,000 particles
per cycle; driver assembly model).
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Fig. 4.8. Source entropy and k divided by their respective true man (5,000 particles
per cycle; driver assembly model).
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per cycle; driver assembly model).
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As you can see from Figure 4.7 there is a greater uctuation ofthe Monte Carlo
source which decreases as the number of histories per cycle increased as shown in
Figures 4.8 and 4.9. The nal result for k; at the various histories per cycle are shown

in Table 4.8.

Table 4.8. k; value at varying number of histories per cycle for the driver assembly
model (using a total of 100 cycles, 25 inactive cycles).

No. of particles/cycle Ky
1,000 1.33615 0.00182
5,000 1.33757 0.00084
6,000 1.33763 0.00090

Increasing the number of histories per cycle requires conderably more computa-
tional time. The accuracy of results are proportional to the number of histories per cycle.
In the assembly model studies 6,000 histories per cycle wa®smrsidered to be su cient.
Therefore, the results presented for the assembly model werdone at 6,000 histories per

cycle.

4.2.1.2 Time step studies

The length of time step is an important parameter that impacts the accuracy of
the results. As described in a previous section the accuracys inversely proportional
to the length of time step used except for short time steps. Tle time step value used
will impact how often the cross section data is updated in ORIGEN2.2. In this section

MONTEBURNS calculations were performed for the assembly mdel using Th-TRU-Zr
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fuel and using time step values of 100, 200 and 365 days. Thegdlts of these calculations

are shown in Figure 4.10.

15 I ‘
—©&— 200 day timesteps
—— 365 day time steps
1_4 ——&— 100 day time steps ||

~ 120

1.1

| | | | |
0 500 1000 1500 2000 2500 3000 3500
Time [days]

Fig. 4.10. Reactivity versus time for the SPRISM driver assenbly using Th-TRU-Zr
fuel at varying time steps.

The MONTEBURNS output data plotted in Figure 4.10 are shown in Table 4.9.
The EOL plutonium contents for these di erent time steps are listed in Table 4.10. Since
the purpose of this study is for comparative data of thorium and uranium based fuels, no

signi cant di erence in results occurs when using either 1®, 200 or 365 day time steps.
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Table 4.9. Di erence in reactivity at varying time step leng ths (data re ects Th-TRU-Zr
fuel in the assembly model).

200 day time steps 365- day time steps 100- day time steps
Time Step Day k-e Time Step Day k-e Time Step Day k-e
Om 0.00 1.41482 Om 0.00 1.41482 Om 0.00 1.41482
im 100.00 1.39599 1m 182.50 1.38422 im 50.00 1.40537
2m 300.00 1.36685 2m 547.50 1.33281 2m 150.00 1.39096
3m 500.00 1.33845 3m 912.50 1.28161 3m 250.00 1.37548
4m 700.00 1.31261 4m 1277.50 1.2358( 4m 350.00 1.361186
5m 900.00 1.28420¢ 5m 1642.50 1.19034 5m 450.00 1.34684
6m 1100.00 1.25825 6m 2007.50 1.14557 6m 550.00 1.33153
7m 1300.00 1.23301 m 2372.50 1.10465 m 650.00 1.3186(0
8m 1500.00 1.20666 8m 2737.50 1.06467 8m 750.00 1.30437
9m 1700.00 1.18234 9m 3102.50 1.02729 9m 850.00 1.28987
10m 1900.00 1.15857% 10m 3467.50 0.9901¢ 10m 950.00 1.27803
11m 2100.00 1.1350¢4 11m 1050.00 1.2652§
12m 2300.00 1.11304 12m 1150.00 1.25251
13m 2500.00 1.08904 13m 1250.00 1.23832
14m 2700.00 1.06964 14m 1350.00 1.22532
15m 2900.00 1.047043 15m 1450.00 1.2122¢
16m 3100.00 1.02484 16m 1550.00 1.20104
17m 3300.00 1.0067( 17m 1650.00 1.18934
18m 3500.00 0.98684 18m 1750.00 1.17644
19m 1850.00 1.16312
20m 1950.00 1.15174
21m 2050.00 1.1404¢4
22m 2150.00 1.1298(
23m 2250.00 1.11714
24m 2350.00 1.1058*
25m 2450.00 1.09304
26m 2550.00 1.0840(
27m 2650.00 1.0720¢
28m 2750.00 1.06143
29m 2850.00 1.0501¢
30m 2950.00 1.0418¢
31m 3050.00 1.03037
32m 3150.00 1.01973
33m 3250.00 1.00941
34m 3350.00 0.9991¢
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Table 4.10. Sensitivity study of EOL plutonium fraction usi ng di erent time steps for
MONTEBURNS calculations (data re ects Th-TRU-Zr fuel in th e assembly model).

Fuel BOL Plutonium fraction
2.71% | 50.33% | 24.80% | 14.45% | 7.71%

EOL Plutonium fraction
100 day time step | 6.64% | 27.61% | 42.56% | 8.58% | 14.62%
200 day time step | 6.82% | 26.14% | 43.48% | 8.49% | 15.07%
365 day time step | 6.86% | 25.76% | 43.66% | 8.47% | 15.25%

4.2.2 Comparison of reactivity with time

The same method outlined for the fuel pin cell models is cared out for the
assembly model. Figure 4.11 displays the reactivity with respect to time for the thorium
and uranium based metallic fuels with the composition listal in Tables 4.3 and 4.2. These
results were performed using one source point. The change ieactivity with respect to
time for the two fuels exhibits the same behavior seen at theuel pin cell model. The
thorium based fuel has a higher reactivity at BOL and loses citicality sooner than the
uranium based fuel. The uranium based fuel has a less steppeurve and loner fuel cycle

life.
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Fig. 4.11. Reactivity versus time for the thorium and uranium based fuel at the assembly
level using one-year time steps.
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4.2.3 Burnup calculations and plutonium content

The fuel burnup was calculated at a constant linear power as dunction of time
without any outages using one year time steps. The S-PRISM arage linear power
192.5 X was used for the assembly model and results are shown in Figer4.12. The
corresponding fraction of plutonium isotopes at the EOL conpared to BOL for the

assembly model is shown in Table 4.11.

Table 4.11. Plutonium isotopic content at EOL for assembly nodel.
Fuel BOL Plutonium fraction

2.71% | 50.30% | 24.80% | 14.46% | 7.73%

EOL Plutonium fraction
Th-30TRU-10Zr | 6.86% | 25.76% | 43.66% | 8.47% | 15.25%
U-20TRU-10Zr | 3.62% | 53.66% | 30.25% | 4.45% | 8.02%
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Fig. 4.12. Burnup rate for the net change in TRU of thorium and uranium based fuels
at the assembly model level using one-year time-steps.
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4.3 FRull core analysis

In this section one-sixth of the core is modeled using re edtre boundaries in the
radial direction with control rods withdrawn. Figure 4.13 and 4.14 show the one-sixth
symmetric core model using MCNP. Several MCNP calculationsndicated that using the
same fuel compositions used in the previous sections was nable to sustain criticality
when modeling the core. Therefore, the enrichment zone sttagy was used which would
help atten the power pro le and increase BOL reactivity. Th e TRU fractions used for

the full core analysis are listed in Table 4.12.

Table 4.12. Fuel composition when using TRU fractions for ful core model.

Fuel location TRU fraction Total Plutonium wt% Fissile 2>°Pu enrichment
Inner 30% 27.33 13.74%
Th-TRU-Zr Mid 32.24% 29.37 14.76%
Outer 34.48% 31.41 15.79%
Inner 20% 18.22 9.158%
U-TRU-Zr Mid 22.24% 20.26 10.18%
Outer 24.48% 22.30 11.21%

4.3.1 Comparison of reactivity with time

A comparison of the reactivity of the two fuels seen in Figure4.15 shows that the
uranium based fuel has a longer fuel cycle life. When comparg the reactivity with time
of the two fuels at the pin-cell level, assembly level and car level, all exhibited similar
trends. In all three cases the thorium based fuel begins witha higher BOL reactivity

than the uranium based fuel but loses excess reactivity soaar.
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Fig. 4.13. MCNPS5 plot of the one-sixth symmetric core showimg core regions, radial
and axial blankets, shield, re ective and driver fuel asserblies.
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Fig. 4.14. A close up of one-sixth symmetric core model depiing the di eence in the
size of pins between the driver fuel assemblies and the blaeks.
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Fig. 4.15. Reactivity versus time for the thorium and uranium based fuel using three
TRU fractions for the one-sixth core model.
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4.3.2 Burnup calculations and plutonium content

One sixth of the total core power was used for the core model. Aelativity higher
total net isotopic destruction rate, -1.0384 g/MWd, is achieved when using the thorium

based fuel (Figure 4.16) than the uranium based fuel, -0.320g/MWd, (Figure 4.17). In

239

particular, the destruction rate of the ““"Pu isotope in the thorium based fuel is about

three times greater.

The plutonium isotopic fraction at the EOL was used to determine the prolifer-

239 241

ation potential of the fuel. The thorium based fuel depletesthe ““"Pu and “"“Pu while

238Pu, 240Pu, 242p|, content increases ( Table 4.13). As for the uranium baseduel there

iS no signi cant change in composition of 23°

Pu at EOL when compared to the compo-
sition at BOL ( Table 4.14). Similar results report a reduction of only 0.2 to 5.4% from

the BOL values [25].

Table 4.13. EOL Plutonium fraction of the driver assembliesfor each thorium based
enrichment zone.

BOL Plutonium fraction
239

238 240 241 242

Pu Pu Pu Pu Pu
2.70% | 50.37% | 24.72% | 14.46% | 7.74%

EOL Plutonium fraction

Inner fuel zone | 4.87% | 39.38% | 34.20% | 10.47% | 11.09%
MIld fuel zone 4.87% | 39.38% | 34.20% | 10.47% | 11.09%
Outer fuel zone | 4.49% | 41.43% | 32.76% | 10.66% | 10.66%
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Fig. 4.16. Burnup rate for the net change in TRU of the driver fuel assemblies for the
thorium based fuel enrichment zone.

Table 4.14. EOL Plutonium fraction of the driver assembliesfor each uranium based
enrichment zone.

BOL Plutonium fraction
239

238 240 241 242
Pu Pu Pu Pu Pu

2.70% | 50.37% | 24.72% | 14.46% | 7.74%

EOL Plutonium fraction

Inner fuel zone | 3.99% | 52.81% | 28.84% | 5.91% | 8.45%
MIld fuel zone 4,15% | 51.06% | 29.85% | 6.05% | 8.89%
Outer fuel zone | 4.24% | 49.86% | 29.88% | 6.75% | 9.27%
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4.4 Reactor safety

Safety is an integral part of the reactor design. In the follaving sections the safety

issues posed by fast reactors that could a ect the design oftte core are assessed.

4.4.1 Delayed neutron fraction

Despite the fact that delayed neutrons are only a very small faction of the total
number of neutrons generated from ssion, they have a major mpact on the ssion
reaction control and reactor power change. The delayed neubn fraction, i , is an
important feature that make fast reactors dier from therma | reactors. The prompt-
neutron lifetime for a fast reactor is much shorter than in a thermal reactor which means
the power level in a fast reactor can rise in a shorter period btime if prompt criticality

is attained. The delayed-neutron fraction in a Pu-U*® reactor is much smaller than that

in a U%*°-U?® reactor, about 0.004 and 0.007, respectively [20]. Delayedeutron data

for fast ssion for relevant isotopes are listed in Table 4.5.

Table 4.15. Total delayed-neutron fractions of nuclides fo fast ssion [28].
Nuclide
Th*? | 0.022
U** | 0.0027 0.0002
U | 0.0065 0.0003
U*® | 0.0157 0.0012
Pu®*® | 0.0021 0.0002
Pu*® | 0.0026 0.0003
pu®*t | 0.0053
Pu®*? | 0.0080
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Several di erent methods can be used to calculate the delay neutron fraction.
The traditional methods to calculate the e ective delayed neutron fraction are either to
include the adjoint method or and delayed neutron energy spetrum (k-ratio method).
In this study the method used to calculate the delayed neutram fraction was to use a
feature in MCNP5 which allows the user to turn o the e ect of d elayed neutrons on

criticality, or the k-ratio which requires two calculation s. Hence,

k
— p_ X4
> 4.1)

where
k = criticality eigenvalues using all neutron (default)
kIo = eigenvalue for prompt neutrons only \TOTNU NO")
ky = eigenvalue for delayed neutrons

MCNP5 calculations with the uranium (U-20TRU-Zr) and thori um (Th-30TRU-
Zr) based fuel using the one-sixth symmetric core model at bginning of life (using .66c

libraries) give a delayed neutron fraction of,
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1:00783 1:00529

Thorium ., = ToGea = 0:00252 0:00060 (4.2)
. 0:98531 0:98076
Uranium = oaal = 0:00462 0:00057 4.3)

The MCNP5 TOTNU input card is used to turn on and o the e ect of delayed
neutron production on criticality whenever the delayed data are available. The

values for previous fast reactor designs using various fuglare listen in Table 4.16.

Table 4.16. The . for various fast reactors [29, 30, 20].

Plant Fuel off
Integrated Fast Reactor U-Pu-Zr 0.0034
Plutonium burner Pu-28Zr + Hf-26Zr | 0.002
Super Phenix UO,-Pu0, 0.004
Actinide burner TRU-74Zr 0.0025

4.4.2 Doppler coe cient

Feedback coe cients are among the most basic feedback mech#ms for the safety
of fast reactors [31, 32]. The Doppler coe cient is an important parameter that plays
a major role when it comes to safety. Since fast reactors hava harder spectrum, the
Doppler coe cient for such reactors is lower compared to theamal reactors. The Doppler
e ect is dependent on the amount of the ssile and fertile nudides contained in the fuel.

With increasing fuel temperature Doppler broadening of cajure and ssion resonances
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changes the reactivity. In the case of uranium-238 the Dopgr broadening is proportional
to temperature which increases the rate of neutron capture.

In fast reactors, the destruction of transuranics is invergly proportional to the
conversion ratio, the ratio of the rate of transuranics produced to the transuranics de-

stroyed. The easiest way to decrease the conversion ratio t® decrease the capture of

neutrons in 2%U. This can be done by reducing or removing the”*8U in the core. Re-
. 238 . . . . . 238
moving “~"U from the core is a compromise to the optimal Doppler coe cient since “~"U

is primary responsible the Doppler feedback provided bf38U in the fuel and blankets.
Improvements in low conversion ratios will need R&D to devebp advanced fuels and
improved core designs.

The Doppler temperature coe cient is de ned as the fraction al change in reactiv-
ity caused by change in fuel temperature. The Doppler coe cient was calculated using
the MCNPS5 code. For these calculations the ENDF/B-VII temperature dependent cross
section libraries, generated using NJOY99.161, were usedlable 4.4.2 shows the value
of the linearized Doppler coe cient for the one-sixth core model at the beginning of
life with control rods withdrawn. For these calculations the e ective delayed neutron
fraction, ; , value used for the Th-30TRU-Zr and U-20TRU-Zr cases are 0.0252 and
0.00462 respectively, as calculated in section 4.4.1. Theactivity coe cients are listed in
Table 4.4.2. Previous studies done on the evaluation of redizity coe cients for conven-
tional transuranic burning of fast-reactor designs reportcoe cient values of -0.099 %

and -0.085 <¢%2 for heterogeneous and homogeneous fast-reactor designgspectively

[33].
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Ky

Doppler ($/ K)

Th-30TRU-Zr, T=1200 K

1.00442 0.00045

Th-30TRU-Zr, T=293.6 K

1.00783 0.00043

Doppler Coe cient -0.001493
U-20TRU-Zr, T=1200 K 0.97315 0.0046
U-20TRU-Zr, T=293.6 K | 0.98531 0.00042

Doppler Coe cient -0.002814

4.4.3 Core peak powers

Figures 4.18 and 4.18 show the radial power peaking pro le asraging all the fuel
pins with each assembly for the uranium and thorium based fuks, respectively. MCNP
calculations were performed using the one-sixth core modeising three TRU enrichment

zones. The outer zones incorporate a higher ssile fuel coent than the midfuel zone

and the inner fuel zone in order to atten the radial power distribution.
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Fig. 4.18. Assembly power peaking factors at BOL for a uranim based fuel at three
enrichment zones.

66



Fig. 4.19. Assembly power peaking factors at BOL for a thoriun based fuel at three
enrichment zones.
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Chapter 5

Conclusions and recommended future work

5.1 Conclusion

Over the past decades the advantages of using thorium basedéls was overlooked
since large deposits of uranium and its utilization has beenmproved. However, due to
geopolitical changes there has been an interest to use thann for developing countries
around the world for improved waste management and prolifeation resistance.

In this study the use of thorium instead of uranium as the bases for transmuta-
tion fuel was investigated. An assessment of thorium and uraium based metallic fuels
using the same coolant and design parameters were comparedihe two fuel options
were evaluated and compared using the S-PRISM as the core mence design. The
thorium and uranium based fuels varied in the amount of TRU loaded while using the
same core con guration. The studies done at the pin cell, asambly, and core level all
provided similar trends. When compared, the thorium based netallic fuel outperformed
uranium based fuel with respect to higher actinide burnup, dscharging higher prolifera-
tion resistant fuel, and the depletion of plutonium isotopes. A higher total net isotopic

destruction rate, -1.0384 g/MWd, is achieved when using thethorium based fuel than

238 240

the uranium based fuel, -0.3206 g/MWd. The increase in"""Pu and “ "Pu content at
the EOL can make the fuel more proliferation resistant sincethese isotopes are fertile,

they produce larger decay heat and spontaneous neutrons. is important to note that
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N 232
a signi cant amount of 3

U is also produced at EOL. This study was able to con rm
that preliminary results conclude thorium based metallic fuels for fast reactors show

promising characteristic that can meet the goals of the AFCl

5.2 Recommended future work

Fuels containing thorium are preferred over uranium to meetmany aspects of the
AFCI objectives. However, continued work should be perforned to make sure a fast
reactor design containing a thorium fueled matrix has accefable safety characteristics.
The di erence in TRU enrichments between the three radial zanes arbitrary chosen in
this study may cause uneven burnup. Further iterations in degermining the optimal TRU
enrichment and core design should be studied. Furthermorethe thorium fuel cycle cost
needs to be assessed to ensure no signi cant decrease in theoeomic competitiveness

of nuclear electricity.
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Appendix A

MCNP INPUT FOR PIN CELL MODEL

S-PRISM PIN CELL MODEL 70U-20TRU-10Zr FUEL

c

¢ PIN CELL MODEL USING S-PRISM PARAMETERS

C

200
201
202
203
204
208

3 -16.032303973359504 -31 -13 14 imp:n=1 $ fuel
2 -0.847 -32 -16 17 (-14 :13 :31) imp:n=1 $ gap

4 -7.7584 -33 -50 51 (-17 :15 :32) imp:n=1 $ cladding
0 -32 -15 16 (-17 :16 :31 ) imp:n=1 $ plenum
2 -0.847 33 -50 51 (-63 64 -65 66 -67 68 ) imp:n=1 $ coolant
0 65 :67 :-64 :-66 :-68 :63 :50 :-51 imp:n=0

c BEGIN SURFACES

13 pz

14 pz
C upper plenum

15 pz
¢ bond

16 pz

17 pz
c cladding

50 pz

51 pz
c

31 cz

32 cz

33 cz
c fuel unit cell
c PID =16

*63

*64

*65

*66

*67

*68

(@)

50.8
-50.8

241.982

50.8423
-50.8423

242.038
-50.8982

0.27385 $ Fuel radius
0.3161 $ Gap material
0.3720 $ cladding thickness

p 1.732050808 1 0 1.1904

p 1.732050808 1 0 -1.1904
py 0.5952

py -0.5952

p -1.732050808 1 0 1.1904
p -1.732050808 1 0 -1.1904

cladding barrier

73



ml  83209.42c -0.33 $ Bi (bismuth)

50000.42c -0.33 $ Sn (tin)
82000.42c -0.34 $ Pb (lead)
C
¢ sodium coolant
m2 11023.42¢c 1.0 $ sodium

C
c Fuel Matrix

m3  94238.65c -0.004940000000000 $ Pu-238

94239.66¢C
94240.66¢
94241.66¢
94242.66¢C
93237.66¢C
95241.66¢
95242.66¢
95243.66¢C
96242.66¢C
96243.66¢C
96244.42c
96245.66¢C
40090.66¢
92238.66¢C
92235.66¢C

6000.24c

14000.21c
25055.42c
28000.42c
24000.42c
42000.42c
23000.50c
41093.42c
15031.24c
16032.42c
7014.24c

6000.24c

14000.21c
25055.42c
28000.42c
24000.42c
42000.42c

-0.091580000000000
-0.045220000000000
-0.026360000000000
-0.014100000000000
-0.010920000000000
-0.001000000000000
-0.000020000000000
-0.003840000000000
-0.000360000000000
-0.000020000000000
-0.001560000000000
-0.000080000000000
-0.10

-0.6986

-0.0014

¢ HT9M structure material material
26000.55¢

-0.874200
-0.00145
-0.00100
-0.004500
-0.004600
-0.097900
-0.012300
-0.00200
-0.001800
-0.000030
-0.000030
-0.000200

$ Fe
$C
$ Si
$ Mn
$ Ni
$ Cr
$ Mo
$V
b

L2 AR oA A
Z W01V =2

¢ HT9 cladding material Material
26000.55¢

-0.847000
-0.001900
-0.003600
-0.005900 $
-0.005300 $

$
$

$ Fe
$C
$ Si

-0.117900
-0.009900

$ Pu-239
$ Pu-240
$ Pu-241
$ Pu-242
$ Np-237
$ Am-241
$ Am-242
$ Am-243
$ Cm-242
$ Cm-243
$ Cm-244
$ Cm-245
$ Zr-90

$ U-238

$ U-235
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23000.50c
41093.42c
74000.21c
15031.24c
16032.42c
7014.24c

print
mode n

kcode 1000 1 15

ksrc 00 O

-0.003100
-0.000200
-0.004900
-0.000190
-0.000060
-0.000100

100

L N R R T
zZznousz<



Appendix B

MCNP INPUT FOR ASSEMBLY LEVEL MODEL

S-PRISM ASSEMBLY MODEL 60Th-20TRU-10Zr FUEL
C

¢ DRIVER FUEL ASSEMBLY USING S-PRISM PARAMETERS

c

c

c
200 3 -12.205039429775976 -31 -13 14 u=1 imp:n=1 $ fuel
201 2 -.847 -32 -16 17 (-14 :13 :31) u=1 imp:n=1 $ gap
202 4 -7.7584 -33 -50 51 (-17 :15 :32 ) u=1 imp:n=1 $ cladding
203 0 -32-15 16 (-17 :16 :31) u=1 imp:n=1 $ plenum
204 2 -0.847 33 -50 51 u=1 imp:n=1

c 204 2 -0.847 33 -50 51 (-63 64 -65 66 -67 68 ) u=1 imp:n=1 $ coola nt
205 2 -.847 -63 64 -65 66 -67 68 u=2 lat=2 imp:n=1 $ROW 1
fill=-10:10 -10:10 0:0
000000000022222222222 $ROW 1
000000000211111111112 $ROW 2
000000002111111111112 $ROW 3
000000021111111111112 $ROW 4
0000002111111 11111112 $ROWS
000002111111111111112 3$ROWEG
000O021111111111111112 $ROW 7Y
000211111111111111112 $ROW S
002111111111111111112 $ROW 9
021111111111111111112 $ROW 10
211111111111111111112 $ROW 11
211111111111111111120 $ROW 12
211111111111111111200 $ROW 13
211111111111111112000 $ROW 14
211111111111111120000 $ROW 15
211111111111111200000 $%$ROW 16
211111111111112000000 $ROW 17
211111111111120000000 3$ROW 18
211111111111200000000 $ROW 19
211111111112000000000 $ROW 20
222222222220000000000 $ROW 21
206 0 -5-3-1642-5051 fill=2 imp:n=1
207 5 -7.77 -19 20 -21 23 -24 25 -50 51 (5 :3 :1 -6 -4 :-2 ) imp:n= 1
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208

19 :-20 :21 :-23 :24 :-25 :-51 :50

c BEGIN SURFACES

13 pz 50.8
14 pz -50.8
c upper plenum
15 pz 241.982
¢ bond
16 pz 50.8423
17 pz -50.8423
¢ cladding
50 pz 242.038
51 pz -50.8982
c
31 cz 0.27385 $ Fuel radius
32 cz 0.3161 $ Gap material
33 cz 0.3720 $ cladding thickness
c fuel unit cell
63 p 1.732050808 1 0 0.886104
64 p 1.732050808 1 0 -0.886104
65 py 0.443052
66 py -0.443052
67 p -1.732050808 1 0 0.886104
68 p -1.732050808 1 0 -0.886104
C -
c
1 px 7.677
2 px -7.677
3 p 0.577350269 1 0 8.86464
4 p 0.577350269 1 0 -8.86464
5 p -0.577350269 1 0 8.86464
6 p -0.577350269 1 0 -8.86464

c outer assembly boundary, reflecting planes

*19 px 8.071
*20 px -8.071
*21 p 0.577350269 1 0 9.31959
*23 p 0.577350269 1 0 -9.31959
*24 p -0.577350269 1 0 9.31959
*25 p -0.577350269 1 0 -9.31959
c
c cladding barrier

ml 83209.42c -0.33

$ Bi (bismuth)

50000.42¢ -0.33 $ Sn (tin)
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82000.42c -0.34 $ Pb (lead)

c

¢ sodium coolant

m2 11023.66¢c 1.0

c

¢ Fuel Matrix

m3 94238.66¢c -0.00741 $ Pu-238
94239.66¢c -0.13737 $ Pu-239
94240.66¢ -0.06783 $ Pu-240
94241.66¢ -0.03954 $ Pu-241
94242.66¢c -0.02115 $ Pu-242
93237.66c -0.01638 $ Np-237
95241.66¢ -0.0015 $ Am-241
95242.66¢c -0.00003 $ Am-242
95243.66¢ -0.00576 $ Am-243
96242.66¢c -0.00054 $ Cm-242
96243.66¢ -0.00003 $ Cm-243
96244.66¢c -0.00234 $ Cm-244
96245.66¢c -0.00012 $ Cm-245
40090.66¢ -0.10 $ Zr-90
90232.66¢ -0.60 $ Th-232

$ sodium

C
C
¢ HTO9M CLADDING material material

m4  26000.42c -0.874200 $ Fe
6000.66c -0.00145 $ C
14000.60c -0.00100 $ Si
25055.66¢c -0.004500 $ Mn
28000.50c -0.004600 $ Ni
24000.50c -0.097900 $ Cr
42000.66¢c -0.012300 $ Mo
23000.66¢c -0.00200 $ V
41093.66¢c -0.001800 $ Nb
15031.66¢c -0.000030 $ P
16032.66¢c -0.000030 $ S
7014.66¢c  -0.000200 $ N

¢ HT9 STRUCTURE material Material
¢ HT9 STRUCTURE material Material

m5

26000.42c

6000.66¢

14000.60c
25055.66¢C
28000.50c
24000.50c
42000.66¢

-0.847000

-0.001900
-0.003600
-0.005900
-0.005300
-0.117900
-0.009900

$ Fe
$C
$ Si
$ Mn
$ Ni
$ Cr
$ Mo
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23000.66¢
41093.66¢
74000.55c
15031.66¢
16032.66¢c
7014.66¢

print
mode n

kcode 6000 1 25

ksrc 00 O

-0.003100
-0.000200
-0.004900
-0.000190
-0.000060
-0.000100

100

L N R R T
zZznousz<



Appendix C

MCNP INPUT FOR ONE-SIXTH CORE MODEL

S-PRISM PIN CELL MODEL 70U-20TRU-10Zr FUEL

c
c This core has three enrichment zones
c INNER ZONE=20% TRU
C MID  ZONE=22.24% TRU
C OUTER ZONE=24.48% TRU
c
c
c
c
C DRIVER FUEL (INNER ZONE ENRICHMENT)
200 3 -16.032303973359504 -31 u=1 imp:n=1 $ fuel
201 2 -0.847 +31 -32 u=1 imp:n=1 $ gap
202 4 -7.7584 +32 -33 u=1l imp:n=1 $ cladding
203 2 -0.847 +33 u=1l imp:n=1 $ coolant
C DRIVER FUEL (MID ZONE ENRICHMENT)
220 8 -16.040321036558989 -31 u=13 imp:n=1 $ fuel
221 2 -0.847 +31 -32 u=13 imp:n=1 $ gap
222 4 -7.7584 +32 -33 u=13 imp:n=1 $ cladding
223 2 -.847 +33 u=13 imp:n=1 $ coolant
¢ DRIVER FUEL (OUTER ZONE REGION)
224 9 -16.048346121744437 -31 u=18 imp:n=1 $ fuel
225 2 -0.847 +31 -32 u=18 imp:n=1 $ gap
226 4 -7.7584 +32 -33 u=18 imp:n=1 $ cladding
227 2 -.847 +33 u=18 imp:n=1 $ coolant
(o PLENUM FOR DRIVER
229 0 -32 u=21 imp:n=1 $ gap
230 4 -7.7584 +32 -33 u=21 imp:n=1 $ cladding
231 0 +33 u=21 imp:n=1 $ coolant
C BLANKET
208 7 -15.9611 -41 u=5 imp:n=1 $ fuel
209 2 -.847 +41 -42 u=5 imp:n=1 $ gap
210 4 -7.7584 +42 -43 u=5 imp:n=1 $ cladding
211 2 -.847 +43 u=5 imp:n=1 $ coolant
¢ PLENUM FOR BLANKET
233 0 -42 u=25 imp:n=1 $ gap
234 4 -7.7584 +42 -43 u=25 imp:n=1 $ cladding
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1 $ coolant

25 imp:n=

u=

+43

235

REFLECTOR

c

$ reflector material
$ HT9 cladding

1

1

imp:n
imp:n

=10
10

u
u

11 5 -7.77 -52
4 -7.7584

12
13

u

+52 -54
+54

$ Na coolant

1

imp:n

=10

-1.77

5

LOWER/UPPER REFLECTOR

c

$ reflector material

=1

imp:n

28
28

u=

5 -7.77  -52
-7.77

5

236
237

=1

imp:n

u=

52

SHIELD

O 0O O o0 o

$ shield

=1

imp:n

u=17

-55

6 -2.50
4 -7.7584

2

20
21

$ HT9M cladding
$ Na coolant

=1

imp:n
imp:n

u=17
17

+55 -57
+57

=1

u=

-.847

22

1 $ROW 1

2 imp:n=

2 lat=

205 2 -0.847 -63 64 -65 66 -67 68 u

-10:10 -10:10 0:0

fill

000000000022222222222 $iy=-10

000000000211 111111112 $iy=-9

000000002111111111112 $iy=-8

000O0O0O0021111111111112 $iy=-7

000000211111111111112 $iy=-6

000O0O02111111111111112 $iy=-5

000021111111111111112 $iy=-4

000211111111111111112 $iy=-3

002111111111111111112 $iy=-2

021111111111111111112 $iy=-1

211111111111111111112 $iy=20

211111111111111111120 $iy=+1
211111111111111111200 $iy=+2
211111111111111112000 $iy=+3
211111111111111120000 $iy=+4
211111111111111200000 $iy=+5
211111111111112000000 $iy=+6
2111111111111220000000 $1iy=+7
211111111111200000000 $iy = +8
211111111112000000000 $1iy=+9
222222222220000000000 $iy=+10

=1

imp:n

4
u

-7 fill=2 u=

+7

MID ENRICHED FUEL
405 2 -0.847 -63 64 -65 66 -67 68 u

206

imp:n

=1

=4

7.77

207 5

c

1 $ROW 1

=2 imp:n=

=14 |at
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00
00
00
00
00
00
00
00
00
00
14
14
14
14
14
14
14
14
14
14
14

406 0 -7 fill=14 u=15
407 5 -7.77 +7

408

00
00
00
00
00
00
00
00
00
00
19
19
19
19
19
19
19
19

fill=-10:10 -10:10 0:0

00 00 00 OO0 00 00 00 00 00 14 14 14 14 14
00 00 00 OO0 00 00 00 00 14 13 13 13 13 13
00 00 00 00 00 00 00 14 13 13 13 13 13 13
00 00 00 00 00 00 14 13 13 13 13 13 13 13
00 00 00 00 00 14 13 13 13 13 13 13 13 13
00 00 00 00 14 13 13 13 13 13 13 13 13 13
00 00 00 14 13 13 13 13 13 13 13 13 13 13
00 00 14 13 13 13 13 13 13 13 13 13 13 13
00 14 13 13 13 13 13 13 13 13 13 13 13 13
14 13 13 13 13 13 13 13 13 13 13 13 13 13
13 13 13 13 13 13 13 13 13 13 13 13 13 13
13 13 13 13 13 13 13 13 13 13 13 13 13 13
13 13 13 13 13 13 13 13 13 13 13 13 13 13
13 13 13 13 13 13 13 13 13 13 13 13 13 13
13 13 13 13 13 13 13 13 13 13 13 13 13 13
13 13 13 13 13 13 13 13 13 13 13 13 13 13
13 13 13 13 13 13 13 13 13 13 13 13 13 14
13 13 13 13 13 13 13 13 13 13 13 13 14 00
13 13 13 13 13 13 13 13 13 13 13 14 00 00
13 13 13 13 13 13 13 13 13 13 14 00 00 00
14 14 14 14 14 14 14 14 14 14 00 00 00 00
imp:n=1

OUTER FUEL ZONE
2 -0.847 -60 u=19 lat=2 imp:n=1 $ROW 1
fill=-10:120 -10:10 0:0

00 00 00 00 00 00 00 00 00 19 19 19 19 19
00 00 00 00 00 00 00 OO 19 18 18 18 18 18
00 00 00 00 00 00 00 19 18 18 18 18 18 18
00 00 00 00 00 00 19 18 18 18 18 18 18 18
00 00 00 00 OO 19 18 18 18 18 18 18 18 18
00 00 00 00 19 18 18 18 18 18 18 18 18 18
00 00 00 19 18 18 18 18 18 18 18 18 18 18
00 00 19 18 18 18 18 18 18 18 18 18 18 18
00 19 18 18 18 18 18 18 18 18 18 18 18 18
19 18 18 18 18 18 18 18 18 18 18 18 18 18
18 18 18 18 18 18 18 18 18 18 18 18 18 18
18 18 18 18 18 18 18 18 18 18 18 18 18 18
18 18 18 18 18 18 18 18 18 18 18 18 18 18
18 18 18 18 18 18 18 18 18 18 18 18 18 18
18 18 18 18 18 18 18 18 18 18 18 18 18 18
18 18 18 18 18 18 18 18 18 18 18 18 18 18
18 18 18 18 18 18 18 18 18 18 18 18 18 19
18 18 18 18 18 18 18 18 18 18 18 18 19 00
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14
13
13
13
13
13
13
13
13
13
13
13
13
13
13
14
00
00
00
00
00

u=15 imp:n=1 imp:n=1

19
18
18
18
18
18
18
18
18
18
18
18
18
18
18
19
00
00

14
13
13
13
13
13
13
13
13
13
13
13
13
13
14
00
00
00
00
00
00

19
18
18
18
18
18
18
18
18
18
18
18
18
18
19
00
00
00

14
13
13
13
13
13
13
13
13
13
13
13
13
14
00
00
00
00
00
00
00

19
18
18
18
18
18
18
18
18
18
18
18
18
19
00
00
00
00

14
13
13
13
13
13
13
13
13
13
13
13
14
00
00
00
00
00
00
00
00

19
18
18
18
18
18
18
18
18
18
18
18
19
00
00
00
00
00

14
13
13
13
13
13
13
13
13
13
13
14
00
00
00
00
00
00
00
00
00

19
18
18
18
18
18
18
18
18
18
18
19
00
00
00
00
00
00

14
14
14
14
14
14
14
14
14
14
14
00
00
00
00
00
00
00
00
00
00

19
19
19
19
19
19
19
19
19
19
19
00
00
00
00
00
00
00

AR e AR R AR A e AR R A R R

PP PPPDR DL PRL DA DR DR

)%
)%
)%
)%
)%
)%
)%
)%
)%
)%
)%
)%
)%
Iy
)%
)%
)%
)%
)%
)%
)%

)%
)%
)%
)%
)%
)%
)%
)%
Iy
)%
)%
)%
)%
)%
)%
)%
)%
)%

+10



C

c

19
19
19
409
410

411

00
00
00
00
00
00
00
00
00
00
22
22
22
22
22
22
22
22
22
22
22
412
413

18
18
19

5

2

00
00
00
00
00
00
00
00
00
22
21
21
21
21
21
21
21
21
21
21
22

5

18 18 18 18 18 18 18 18 18 18 19 00
18 18 18 18 18 18 18 18 18 19 00 00
19 19 19 19 19 19 19 19 19 00 00 00
0 -7 fill=19 u=20 imp:n=1
-7.77 +7 u=20 imp:n=1
PLENUM FOR DRIVER
-0.847 -60 u=22 lat=2 imp:n=1 $ROW
fill=-10:10 -10:10 0:0
00 00 00 OO0 OO0 00 00 00 22 22 22 22
00 00 00 OO0 00 00 00 22 21 21 21 21
00 00 00 00 00 00 22 21 21 21 21 21
00 00 00 00 00 22 21 21 21 21 21 21
00 00 00 00 22 21 21 21 21 21 21 21
00 00 00 22 21 21 21 21 21 21 21 21
00 00 22 21 21 21 21 21 21 21 21 21
00 22 21 21 21 21 21 21 21 21 21 21
22 21 21 21 21 21 21 21 21212121
21 21 21 21 21 21 21 21 21 21 21 21
21 21 21 21 21 21 21 21 21212121
21 21 21 21 21 21 21 21 21 21 21 21
21 21 21 21 21 21 21 21 21212121
21 21 21 21 21 21 21 21 21 21 21 21
21 21 21 21 21 21 21 21 21 212121
21 21 21 21 21 21 21 21 21 21 2121
21 21 21 21 21 21 21 21 21 212121
21 21 21 21 21 21 21 21 21 21 21 22
21 21 21 21 21 21 21 21 21 21 22 00
21 21 21 21 21 21 21 21 21 22 00 00
22 22 22 22 22 22 22 22 22 00 00 00
0 -7 fill=22 u=23 imp:n=1
-7.77 +7 u=23 imp:n=1

BLANKET
213 2 -0.847 -73 u=6 lat=2 imp:n=1

00 00 00 00 00 00 00 06 06 06 06 06 06
00 00 00 00 00 00 06 05 05 05 05 05 05
00 00 00 00 00 06 05 05 05 05 05 05 05
00 00 00 00 06 05 05 05 05 05 05 05 05
00 00 00 06 05 05 05 05 05 05 05 05 05
00 00 06 05 05 05 05 05 05 05 05 05 05
00 06 05 05 05 05 05 05 05 05 05 05 05
06 05 05 05 05 05 05 05 05 05 05 05 05
06 05 05 05 05 05 05 05 05 05 05 05 05
06 05 05 05 05 05 05 05 05 05 05 05 06
06 05 05 05 05 05 05 05 05 05 05 06 00

fill=-7:7 -7:7 0:0 $ROW 1
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00
00
00

22
21
21
21
21
21
21
21
21
21
21
21
21
21
21
21
22
00
00
00
00

06
05
05
05
05
05
05
05
06
00
00

00
00
00

22
21
21
21
21
21
21
21
21
21
21
21
21
21
21
22
00
00
00
00
00

00
00
00

22
21
21
21
21
21
21
21
21
21
21
21
21
21
22
00
00
00
00
00
00

06
06
06
06
06
06
06
06
00
00
00

00
00
00

22
21
21
21
21
21
21
21
21
21
21
21
21
22
00
00
00
00
00
00
00

PO BB HH DB BB

iy
)%
)%
iy
iy
iy
iy
iy
)%
iy
)%

00
00
00

22
21
21
21
21
21
21
21
21
21
21
22
00
00
00
00
00
00
00
00
00

00
00
00

22
22
22
22
22
22
22
22
22
22
22
00
00
00
00
00
00
00
00
00
00

AR AR AR AR - A - e A AR IR A e

)%
Iy
Iy

)%
)%
)%
)%
)%
)%
)%
)%
Iy
)%
)%
)%
)%
)%
)%
)%
)%
)%
)%
)%
)%

+8
+9
+10

+10



06 05 05 05 05 05 05 05 05 05 06 00 00 00 00 $ iy = +4
06 05 05 05 05 05 05 05 05 06 00 00 00 00 00O $ iy = +5
06 05 05 05 05 05 05 05 06 00 00 00 00 00 00 $ iy = +6
06 06 06 06 06 06 06 06 00 00 OO0 00 00 00 00 $ iy = +7
214 0 -7 fill=6 u=7 imp:n=1
215 5 -7.77 7 u=7 imp:n=1
c PLENUM FOR BLANKET
414 2 -0.847 -73 u=26 lat=2 imp:n=1
fill=-7:7 -7:7 0:0 $ROW 1
00 00 00 00 00 OO 00 26 26 26 26 26 26 26 26 $ iy = -7
00 00 00 OO0 00 00 26 25 25 25 25 25 252526 $ iy = -6
00 00 00 00 00 26 25 25 25 25 25 25 252526 $iy = -5
00 00 00 00 26 25 25 25 25 25 25 25252526 $iy = -4
00 00 00 26 25 25 25 25 25 25 2525252526 $iy = -3
00 00 26 25 25 25 25 25 25 25 2525252526 $iy = -2
00 26 25 25 25 25 25 25 25 25 2525252526 $iy = -1
26 25 25 25 25 25 25 25 25 252525252526 $iy= O
26 25 25 25 25 25 25 25 25 25 25 252526 00 $ iy = +1
26 25 25 25 25 25 25 25 25 25 25 25 26 00 00 $ iy = +2
26 25 25 25 25 25 25 25 25 25 25 26 00 00 00 $ iy = +3
26 25 25 25 25 25 25 25 25 25 26 00 00 00 00 $ iy = +4
26 25 25 25 25 25 25 25 25 26 00 00 00 00 00 $ iy = +5
26 25 25 25 25 25 25 25 26 00 00 00 00 00 00 $ iy = +6
26 26 26 26 26 26 26 26 00 00 00 00 00 00 00 $ iy = +7
415 0 -7 fill=26  u=27 imp:n=1
416 5 -7.77 7 u=27 imp:n=1
¢ REFLECTOR
c
300 2 -847 -83 84 -85 86 -87 88 lat=2 u=09 imp:n=1 $ reflector
fill=-5:5 -5:5 0:0
09 09 09 09 09 09 09 09 09 09 09 $iy = -5
09 09 09 09 09 10 10 10 10 10 09 $iy = -4
09 09 09 09 10 10 10 10 10 10 09 $iy = -3
09 09 09 10 10 10 10 10 10 10 09 $iy = -2
09 09 10 10 10 10 10 10 10 10 09 s$iy = -1
09 10 10 10 10 10 10 10 10 10 09 iy = O
09 10 10 10 10 10 10 10 10 09 09 $iy = +1
09 10 10 10 10 10 10 10 09 09 09 $iy = +2
09 10 10 10 10 10 10 09 09 09 09 $iy = +3
09 10 10 10 10 10 09 09 09 09 09 $iy = +4
09 09 09 09 09 09 09 09 09 09 09 $iy = +5
301 0 -7 fill=09 u=08 imp:n=1
302 5 -7.77 7 u=08 imp:n=1

¢ LOWER REFLECTOR
C
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417

00
00
00
00
00
29
29
29
29
29
29
418

5

00
00
00
00
29
28
28
28
28
28
29

0

-7.

00
00
00
29
28
28
28
28
28
28
29

419 5 -7.77

¢ SHIELD
C
103

11

11

11

11

11
104

105 5

500

24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
¢ CORE

2

24
24
24
24
24
24
24
27
24
24
24
24
24
24
24

-.847 -99 u=11

77

00
00
29
28
28
28
28
28
28
28
29

-89 lat=2 u=29
fill=-5:5 -5:5 0:0

00
29
28
28
28
28
28
28
28
28
29

-7

7

29
28
28
28
28
28
28
28
28
28
29

29
28
28
28
28
28
28
28
28
29
00

29
28
28
28
28
28
28
28
29
00
00

fill=29

fill=-2:2 -2:2 0:0
11 11 11 112
11 17 17 11
17 17 17 11
17 17 11 11
11 11 11 12

0
-7.77
¢ UPPER PLENUM

5 -7.77

24
24
24
24
24
24
24
27
23
24
24
24
24
24
24

24
24
24
24
24
24
23
23
27
23
24
24
24
24
24

24
24
24
24
24
24
27
23
23
23
24
24
24
24
24

29
28
28
28
28
28
28
29
00
00
00

imp:n=1 $

29
28
28
28
28
28
29
00
00
00
00

29
29
29
29
29
29
00
00
00
00
00

Siy
Siy
Siy
Siy
Siy
Siy
Siy
Siy
Siy
Siy
Siy

u=30 imp:n=1
u=30 imp:n=1

$ROW 17
$ROW 2
$ROW 3
$ROW 4
$ROW 5
-7 fill=11 u=12 imp:n=1

7

u=12 imp:n=11

imp:n=1

lat=2

reflector

-26 u=24 lat=2 imp:n=1 $ROW 1
fill=-1:14 -7:7 0:0

24
24
24
24
24
23
23
23
27
27
23
23
24
24
24

24
24
24
24
24
23
27
27
23
23
23
27
30
24
24

24
24
24
24
24
27
23
23
23
23
27
30
30
12
24

24
24
24
24
23
23
23
23
27
27
30
30
12
24
24

24
24
24
23
23
23
27
23
30
30
30
12
24
24
24

24
24
24
27
27
27
30
08
30
30
12
24
24
24
24
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24
24
30
30
30
30
30
08
12
12
24
24
24
24
24

24
24
30
30
30
30
12
12
24
24
24
24
24
24
24

24
12
12
12
12
12
24
24
24
24
24
24
24
24
24

24
24
24
24
24
24
24
24
24
24
24
24
24
24
24

24
24
24
24
24
24
24
24
24
24
24
24
24
24
24

AR A R AR AR R B R R

)%
Iy
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Iy
Iy
)%
Iy
)%
)%
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216 2 -.847 -26 u=3 lat=2 imp:n=1 $ROW 1
fill=-1:14 -7:7 0:0

03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 $ iy = -7
03 03 03 03 03 03 03 030303030303120303%iy=-6
03 03 03 03 03 03 03 03 03 03 03 08 08 12 03 03 $ iy = -5
03 03 03 03 03 03 03 03 03 20 07 08 08 12 03 03 $ iy = -4
03 03 03 03 03 03 03 03 20 20 07 08 08 12 03 03 $ iy = -3
03 03 03 03 03 15 15 07 20 20 07 08 08 12 03 03 $ iy = -2
03 03 03 04 07 15 07 20 20 07 08 08 12 03 03 03 $ iy = -1
03 07 07 04 03 15 07 20 20 03 08 08 12 03 03 03 $ iy = O
03 03 04 07 15 07 20 20 07 08 08 12 03 03 03 03 $ iy = +1
03 03 03 15 15 07 20 20 07 08 08 12 03 03 03 03 $ iy = +2
03 03 03 03 03 20 20 07 08 08 12 03 03 03 03 03 $ iy = +3
03 03 03 03 03 20 07 08 08 12 03 03 03 03 03 03 $ iy = +4
03 03 03 03 03 03 08 08 12 03 03 03 03 03 03 03 $ iy = +5
03 03 03 03 03 03 03 12 03 03 03 03 03 03 03 03 $ iy = +6
03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 $ iy = +7
¢ LOWER AXIAL core
999 5 -7.77 -26  u=33 lat=2 imp:n=1 $ROW 1
fill=-1:14 -7:7 0:0
33 33 33333333333333333333333333338%1iy=-7
33 33 3333333333333333333333123333%1iy=-6
33 33 3333333333333333333333123333%1iy=-5
33 333333333333333333333333123333%1iy=+4
33 33 3333333333333333333333123333%1iy=-3
33 33 3333333333333333333333123333%1iy=-2
33 33 3333333333333333333312333333%1iy=-1
33 333333333333333333333312333333%iy= 0
33 33 3333333333333333331233333333%1iy=+1
33 33 3333 3333333333333312333333333%1iy=+2
33 33 33 33 33 33 33333333123333333333%1iy=+3
33 33 33 33333333333312333333333333%1iy=+4
33 33 33 3333 3333331233333333333333%1iy=+5
33 33 3333 3333331233333333333333338%1iy=+6
33 33 33 33 33 33 33 3333333333333333338%1iy=+7
Cc ix= -1 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14
501 0 -12 -10 11 -50 13 fill=24 imp:n=1 $ upper plenum
217 0 -12 -10 11 -13 14 fill=03 imp:n=1 $ core
502 5 -7.77 -12 -10 11 -14 15 imp:n=1 $ lower reflector
218 0 12 :10 :-11 :50:-15 imp:n=0

C BEGIN SURFACES
¢ outer boundaries
*10 p -1 1.73205 0 1e-5
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(@)

(@]

(@)

*11 p 1173205 0 1le-5
12 cz 190.1
13 pz 50.8
14 pz -50.8
upper plenum
15 pz -162.56
bond
16 pz 50.8423
17 pz -50.8423
cladding
50 pz 242.038
51 pz -50.8982
fuel radius
31 cz 0.27385 $ Fuel radius
32 cz 0.3161 $ Gap material
33 cz 0.372 $ cladding thickness
41 cz 0.5023
42 cz 0.5446
43 cz 0.6005
52 cz 0.8393 $ Fuel radius for reflector
53 cz 0.8816 $ Gap material
54 cz 0.9375 $ cladding thickness for reflector

parameters for shield assembly

55 cz 2.6258 $ Fuel radius

56 cz 0.8816 $ Gap material

57 cz 2.724 $ cladding thickness

7 hex 0 0 -500 0 0 1000 7.677 0 O

26 hex 0 0 -500 0 0 1000 8.071 0 O

60 hex 0 0 -500 O 0 1000 0 0.443052 0

73 hex 0 0 -500 0 0 1000 0O 0.647339 0

89 hex 0 0 -500 0 0 1000 0 0.9375 0 $ reflector
99 hex 0 0 -500 0 0 1000 0 2.7785 0 $ shield
fuel unit cell

63 p 1.732050808 1 0 0.886104

64 p 1.732050808 1 0 -0.886104

65 py 0.443052

66 py -0.443052

67 p -1.732050808 1 0 0.886104

68 p -1.732050808 1 0 -0.886104
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83 p

1.732050808 1 0 1.875

84 p 1.732050808 1 0 -1.875
85 py 0.9375
86 py -0.9375
87 p -1.732050808 1 0 1.875
88 p -1.732050808 1 0 -1.875
c
1 px 7.677
2 px -7.658
3 p 0.577350269 1 0 8.86464
4 p 0.577350269 1 0 -8.86464
5 p -0.577350269 1 O 8.86464
6 p -0.577350269 1 O -8.86464

c outer assembly boundary, reflecting planes

19 px 8.071
20 px -8.071
21 p 0.577350269 1 0 9.31959

23 p 0.577350269 1 0 -9.31959
24 p -0.577350269 1 0 9.31959
25 p -0.577350269 1 0 -9.31959
c
93 p 1.732050808 1 0 5.557
94 p 1.732050808 1 0 -5.557
95 py 2.7785
96 py -2.7785
97 p -1.732050808 1 0 5.557
98 p -1.732050808 1 0 -5.557
c
c cladding barrier

¢ sodium coolant
m2 11023.66¢C 1 $ sodium

C
c Fuel Matrix

m3  94238.66¢ -0.004940000000000

94239.66¢C
94240.66¢
94241.66¢
94242.66¢
93237.66¢C
95241.66¢
95242.66¢
95243.66¢C

88

$ Pu-238
-0.091580000000000 $ Pu-239
-0.045220000000000 $ Pu-240
-0.026360000000000 $ Pu-241
-0.014100000000000 $ Pu-242
-0.010920000000000  $ Np-237
-0.001000000000000 $ Am-241
-0.000020000000000 $ Am-242
-0.003840000000000 $ Am-243



m4

96242.66¢C
96243.66¢C

-0.000360000000000
-0.000020000000000

96244.66¢ -0.001560000000000
96245.66¢ -0.000080000000000
40090.66¢ -0.10
92238.66¢c -0.6986
92235.66¢ -0.0014

¢ HTO9M CLADDING material material
26000.42c -0.874200 $ Fe
6000.66¢c -0.00145 $ C
14000.60c -0.00100 $ Si
25055.66¢c -0.004500 $ Mn
28000.50c -0.004600 $ Ni
24000.50c -0.097900 $ Cr
42000.66¢ -0.012300 $ Mo
23000.66¢c -0.00200 $V
41093.66¢c -0.001800 $ Nb
15031.66¢c -0.000030 $ P
16032.66¢c -0.000030 $ S
7014.66c  -0.000200 $ N

¢ HT9 STRUCTURE material Material
¢ HT9 STRUCTURE material Material

m5

m6

c Fuel Matrix

m7

$ Cm-242
$ Cm-243
$ Cm-244
$ Cm-245
$ Zr-90
$ U-238
$ U-235

26000.42c -0.847000 $ Fe
6000.66c  -0.001900 $ C
14000.60c -0.003600 $ Si
25055.66¢c -0.005900 $ Mn
28000.50c -0.005300 $ Ni
24000.50c -0.117900 $ Cr
42000.66¢c -0.009900 $ Mo
23000.66¢c -0.003100 $ V
41093.66c -0.000200 $ Nb
74000.55¢c -0.004900 $ W
15031.66¢c -0.000190 $ P
16032.66¢c -0.000060 $ S
7014.66c  -0.000100 $ N

¢ boron carbide shielding
6000.60c 50 $MAT
5010.60c 198 5011.60c

u/10-Zr

92238.66¢c -0.8982 $ U-238
92235.66¢ -0.0018 $ U-235
40090.66¢ -0.10 $ Zr-90

(@]

c

MID FUEL REGION (22.24% TRU)
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m8  94238.66c  -0.005493280000000 $ Pu-238
94239.66¢c  -0.101836960000000 $ Pu-239
94240.66c  -0.050284640000000 $ Pu-240
94241.66¢c  -0.029312320000000 $ Pu-241
94242.66¢c  -0.015679200000000 $ Pu-242
93237.66c  -0.012143040000000 $ Np-237
95241.66¢c  -0.001112000000000 $ Am-241
95242.66¢c  -0.000022240000000 $ Am-242
95243.66¢c  -0.004270080000000 $ Am-243
96242.66¢c  -0.000400320000000 $ Cm-242
96243.66¢c  -0.000022240000000 $ Cm-243
96244.66¢c  -0.001734720000000 $ Cm-244
96245.66¢c  -0.000088960000000 $ Cm-245
40090.66¢c  -0.10 $ Zr-90
92238.66c -0.6762448 $ U-238
92235.66¢c  -0.0013552 $ U-235

c

c OUTER FUEL REGION (24.48% TRU)

c

m9 94238.66¢c -0.006046560000000 $ Pu-238
94239.66c  -0.112093920000000 $ Pu-239
94240.66¢c  -0.055349280000000 $ Pu-240
94241.66¢c  -0.032264640000000 $ Pu-241
94242.66¢c  -0.017258400000000 $ Pu-242
93237.66c  -0.013366080000000 $ Np-237
95241.66¢c  -0.001224000000000 $ Am-241
95242.66¢c  -0.000024480000000 $ Am-242
95243.66¢c  -0.004700160000000 $ Am-243
96242.66¢c  -0.000440640000000 $ Cm-242
96243.66c  -0.000024480000000 $ Cm-243
96244.66¢c  -0.001909440000000 $ Cm-244
96245.66¢c  -0.000097920000000 $ Cm-245
40090.66¢c  -0.10 $ Zr-90
92238.66c  -0.6538896 $ U-238
92235.66¢c  -0.001310400000000 $ U-235

print

mode n

kcode 50000 1.000000 50 100

sdef pos 106.2 0.0 0.0
c

f4n (200 < 225 [1 -2 0] )
fm4d (-1 3 (-6) (-6 8))

sd4:n 10371.4

c

f14:n

(200 < 225 [2 -1 0] )
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fml4 (-1 3 (-6) (-6 8))
sd1l4:n 10371.4

C

f24:n (200 < 225[2 -2 0])
fm24 (-1 3 (-6) (-6 8))
sd24:n 20742.8

C

f34:n (203 < 225 [4 -2 0Q))
fm34 (-1 8 (-6) (-6 8))
sd34:n 10371.4

C

f44:n  (203< 225 [5 -3 Q])
fm44 (-1 8 (-6) (-6 8))
sd44:n 20742.8

C

f54:n (203 < 225 [4 -3 0))
fm54 (-1 8 (-6) (-6 8))
sd54:n 20742.8

C

f64:n (203 < 225 [4 -4 0Q))
fmé4 (-1 8 (-6) (-6 8))
sd64:n 20742.8

C

f74:n (203 < 225 [3 -4 0))
fm74 (-1 8 (-6) (-6 8))
sd74:n 20742.8

C

f84:n (203 < 225 [2 -4 0Q))
fm84 (-1 8 (-6) (-6 8))
sd84:n 10371.4

C

f94:n (203 < 225 [3 -5 0])
fm94 (-1 8 (-6) (-6 8))
sd94:n 20742.8

C

f104:n (206 < 225 [4 -7 Q])
fm104 (-1 9 (-6) (-6 8))
sd104:n 20742.8

C

f114:n (206 < 225 [4 -8 Q])
fm114 (-1 9 (-6) (-6 8))
sd114:n 10371.4

C

f124:n (206 < 225 [5 -6 Q])
fm124 (-1 9 (-6) (-6 8))
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sd124:n 20742.8

C

f134:n (206 < 225 [5 -7 Q])
fm134 (-1 9 (-6) (-6 8))
sd134:n 20742.8

C

fl44:n (206 < 225 [5 -8 Q])
fm144 (-1 9 (-6) (-6 8))
sd144:n 20742.8

C

f154:n (206 < 225 [6 -5 Q])
fmi54 (-1 9 (-6) (-6 8))
sd154:n 20742.8

C

f164:n (206 < 225 [6 -6 Q])
fml164 (-1 9 (-6) (-6 8))
sd164:n 20742.8

C

f174:n (206 < 225 [6 -7 0])
fml174 (-1 9 (-6) (-6 8))
sd174:n 20742.8

C

f184:n (206 < 225 [6 -8 Q])
fm184 (-1 9 (-6) (-6 8))
sd184:n 20742.8

C

f194:n (206 < 225 [7 -4 Q])
fm194 (-1 9 (-6) (-6 8))
sd194:n 20742.8

C

f204:n (206 < 225 [7 -5 Q])
fm204 (-1 9 (-6) (-6 8))
sd204:n 20742.8

C

f214:n (206 < 225 [7 -6 Q])
fm214 (-1 9 (-6) (-6 8))
sd214:n 20742.8

C

f224:n (206 < 225 [7 -7 0])
fm224 (-1 9 (-6) (-6 8))
sd224:n 20742.8

C

f234:n (206 < 225 [8 -4 Q])
fm234 (-1 9 (-6) (-6 8))
sd234:n 10371.4
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C

f244:n  (206< 225 [8 -5 0])

fm244 (-1 9 (-6) (-6
sd244:n 20742.8

C

f254:n (206 < 225 [8
fm254 (-1 9 (-6) (-6
sd254:n 20742.8

C

f264:n (209 < 225 [0
fm264 (-1 7 (-6) (-6
sd264:n 3457.133

C

f274:n (209 < 225 [1
fm274 (-1 7 (-6) (-6
sd274:n 20742.8

C

f284:n (209 < 225 [3
fm284 (-1 7 (-6) (-6
sd284:n 20742.8

C

f294:n (209 < 225 [2
fm294 (-1 7 (-6) (-6
sd294:n 20742.8

C

f304:n (209 < 225 [6
fm304 (-1 7 (-6) (-6
sd304:n 20742.8

C

f314:n (209 < 225 [5
fm314 (-1 7 (-6) (-6
sd314:n 20742.8

C

f324:n (209 < 225 [5
fm324 (-1 7 (-6) (-6
sd324:n 20742.8

C

f334:n (209 < 225 [4
fm334 (-1 7 (-6) (-6
sd334:n 20742.8

C

f344:n (209 < 225 [4
fm344 (-1 7 (-6) (-6
sd344:n 20742.8

C

8))

-6 0])
8))

0 0])
8))

-1 0])
8))

-2 0])
8))

-3 0))
8))

-4 0]
8))

-4 0))
8))

-5 0])
8))

-5 0))
8))

-6 0])
8))
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f354:n (209 < 225 [9
fm354 (-1 7 (-6) (-6
sd354:n 20742.8

c

f364:n (209 < 225 [9
fm364 (-1 7 (-6) (-6
sd364:n 20742.8

c

f374:n (209 < 225 [9
fm374 (-1 7 (-6) (-6
sd374:n 20742.8

c

f384:n (209 < 225 [8
fm384 (-1 7 (-6) (-6
sd384:n 20742.8

c

f394:n (209 < 225 [7
fm394 (-1 7 (-6) (-6
sd394:n 20742.8

c

f404:n (209 < 225 [7
fm404 (-1 7 (-6) (-6
sd404:n 20742.8

c

f414:n (209 < 225 [6
fm414 (-1 7 (-6) (-6
sd414:n 20742.8

c

f424:n (209 < 225 [5
fm424 (-1 7 (-6) (-6
sd424:n 20742.8

-5 0])
8))

-6 0])
8))

-7 0])
8))

-7 0])
8))

-8 0])
8))

-9 0])
8))

-9 0])
8))

-9 Q)
8))
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Appendix D

MONTEBURNS INPUT FILE FOR ONE-SIXTH CORE

S-PRISM one-sixth core

UNSU
4
3
8
9
7

12973.834623494
38921.503870484
97303.75967
165346.1708467962

166
-213.
2500.
25

40

1

0
fftfc

/home/szg136/origen22/libs

.0001

0

35
90232.66¢
90233.42c
91231.66¢C
91233.66¢
92233.66¢C
92234.66¢
92235.66¢
92236.66¢C
92237.66¢
92238.66¢C
93236.42c
93237.66¢C
93238.42c

I Type of Operating System
I Number of MCNP materials to burn
I material #1 - inner core region (MCNP material #3)
I material #2 - mid core region (MCNP material #8)
I material #3 - outer core region (MCNP material #9)
I material #4 - blanket material (MCNP material #7)
I material #1 total volume (cc)
I material #2 total volume
I material #3 total
I volume of blanket rods
I Power in MWt (for the entire system modeled in mcnp deck)
I Recov. energy/fis (MeV); if negative use for U235, ra tio other isos
I Total number of days burned (used if no feed)
! Number of outer burn steps (100 day time steps)
I Number of internal burn steps (multiple of 10)

I Number of predictor steps (+1 on first step), 1 usually suf ficient
I Step number to restart after (O=beginning)
I number of default origen2 lib - next line is origen2 li b location

! location of origen2.2 libra ries
I fractional importance (track isos with abs,fis,ato
I Intermediate keff calc. 0) No 1) Yes

I Number of automatic tally isotopes, followed by list.

m,mass fraction)

| this is at 300 K

| this is at 300 K

95



93239.66¢

94238.66¢

94239.66¢

94240.66¢

94241.66¢

94242.66¢

94243.66¢

95241.66¢

95242.66¢

95243.66¢c ! 95244 doesn't exist in MCNP library
96242.66¢

96243.66¢

96244.66¢

96245.66¢

96246.66¢

96247.66¢

96248.66¢ ! 96249 doesn't exist in MCNP library
97249.66¢ ! 97250 doesn't exist in MCNP library
98249.66¢

98250.66¢

98251.66¢

98252.66¢

35 I Number of automatic tally isotopes, followed by list.
90232.66¢

90233.42c

91231.66¢

91233.66¢

92233.66¢

92234.66¢

92235.66¢

92236.66¢C

92237.66¢C

92238.66¢

93236.42c ! this is at 300 K
93237.66¢C

93238.42c ! this is at 300 K
93239.66¢

94238.66¢

94239.66¢

94240.66¢

94241.66¢C

94242.66¢

94243.66¢

95241.66¢

95242.66¢
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95243.66¢
96242.66¢
96243.66¢
96244.66¢
96245.66¢
96246.66¢C
96247.66¢C
96248.66¢
97249.66¢
98249.66¢
98250.66¢
98251.66¢
98252.66¢
35

90232.66¢
90233.42c
91231.66¢
91233.66¢C
92233.66¢C
92234.66¢C
92235.66¢
92236.66¢C
92237.66¢C
92238.66¢C
93236.42c
93237.66¢C
93238.42c
93239.66¢
94238.66¢C
94239.66¢
94240.66¢
94241.66¢
94242.66¢
94243.66¢
95241.66¢
95242.66¢
95243.66¢
96242.66¢
96243.66¢C
96244.66¢
96245.66¢
96246.66¢
96247.66¢
96248.66¢C
97249.66¢

I 95244 doesn't exist in MCNP library

I 96249 doesn't exist in MCNP library
I 97250 doesn't exist in MCNP library

I Number of automatic tally isotopes, followed by list.

| this is at 300 K

I this is at 300 K

I 95244 doesn't exist in MCNP library

I 96249 doesn't exist in MCNP library
I 97250 doesn't exist in MCNP library
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98249.66¢
98250.66¢
98251.66¢
98252.66¢
35

90232.66¢
90233.42c
91231.66¢
91233.66¢C
92233.66¢C
92234.66¢
92235.66¢
92236.66¢
92237.66¢C
92238.66¢
93236.42c
93237.66¢C
93238.42c
93239.66¢
94238.66¢C
94239.66¢
94240.66¢
94241.66¢
94242.66¢
94243.66¢
95241.66¢
95242.66¢
95243.66¢
96242.66¢
96243.66¢
96244.66¢
96245.66¢
96246.66¢
96247.66¢C
96248.66¢C
97249.66¢
98249.66¢
98250.66¢
98251.66¢
98252.66¢

! Number of automatic tally isotopes, followed by list.

I this is at 300 K

I this is at 300 K

I 95244 doesn't exist in MCNP library

I 96249 doesn't exist in MCNP library
I 97250 doesn't exist in MCNP library
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