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 Attila is a state-of-the-art radiation transport based code that is efficient, 

accurate and straightforward to use.  Geometric information is input to the 

code as CAD drawings.  Material property information is input as a cross 

section library.  The user has full control over standard transport options and 

output reports. 

 In phase I of this work, a benchmark reactor problem is analyzed using the 

Attila and MCNP codes.  Two libraries are used with Attila – one generated 

with WIMS-ANL and one generated with SCALE.  Neutron fluxes calculated 

by MCNP and Attila at various energies and locations are in good agreement.  

Calculated values of keff do not agree as well, with Attila/WIMS-ANL based 

values diverging from MCNP values by up to 2.6 percent. 

 In phase II, Attila is used with a 22 group library to analyze depletion of a 

unit cell.  The unit cell is sufficiently detailed to allow simulation of the 

various core operating modes.  Results of depletion studies show that flux and 

number densities throughout the unit cell agree closely after an exposure 

history similar to the OSTR 30 year operational history, regardless of the size 

of time steps utilized in the depletion calculation. 

 Phase III work involves full core eigenvalue calculations on a radially 

zoned TRIGA core designed to mimic the current state of the OSU core.  

Global and local parameters are compared with measured values.  Results of 

all three phases indicate that the Attila radiation transport code is well suited 

for TRIGA reactor simulation.  
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Modeling the Oregon State University TRIGA Reactor Using the 
Attila Three-Dimensional Deterministic Transport Code 

 

 

1.  Introduction 
 

1.1  Motivation for Reactor Modeling 
 

In order to design, license and operate a nuclear reactor in a safe and 

efficient manner, the interrelation of material and geometric properties must be 

thoroughly understood.  As reactor systems become more complex, 

increasingly sophisticated tools must be employed to accurately predict their 

behavior under normal and transient conditions.  Prior to licensing and 

construction, designers must be able to prove that a reactor can be operated 

within a strictly defined acceptable operating envelope.  Hundreds of computer 

codes have been developed over the past 40-50 years to assist designers in 

performing this work. 

The concept of the TRIGA reactor (Training, Research, Isotopes, General 

Atomic) was originally developed 50 years ago by a group at General Atomics 

working under Edward Teller [Dys 79].  The mandate of the group was to 

design a reactor so safe that “if it were started from its shutdown condition and 

all of its control rods were instantaneously removed it would settle down to a 

steady level of operation without melting any of its fuel or releasing fission 

products” [Fou 03].  TRIGA reactors have an excellent history of training 

numerous reactor operators and producing isotopes for medical, commercial 

and research purposes.  They are also well known throughout the nuclear 

engineering field for their flexible research applications such as neutron 

activation analysis, neutron radiography and neutron scattering.  

Although TRIGA reactors are a mainstay of the research community, they 

operate at low power (licensed power of existing facilities is between 20kWt 
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and 14 MWt) and are not used to produce electrical power.  The core of a 

TRIGA reactor is much smaller than the core of a typical power plant.  TRIGA 

fuel is more “lumped” than power plant fuel (4 cm fuel diameter vs. 0.4 cm 

diameter).  The composition of the fuel is also significantly different due to the 

very different design requirements.  Oregon State TRIGA Reactor (OSTR) fuel 

is composed of 70% enriched uranium in a zirconium-hydrogen-erbium 

matrix.  Typical light water reactor (LWR) power plant fuel contains 3 to 5 

percent enriched uranium in a UO2 ceramic matrix.  The difference in core size 

causes much higher flux gradients in TRIGA cores as compared with 

commercial reactor cores, with resultant higher neutron leakage.  The disparity 

in fuel size and composition results in significantly different neutronic 

behavior between TRIGA fuel and LWR fuel.  As a result, a code specifically 

designed to simulate behavior of a typical power plant core may provide 

inaccurate results when used to model a TRIGA reactor. 

 To provide the greatest usefulness, reactor modeling techniques must be 

fast, accurate and easy to use.  TRIGA reactors have been extensively 

modeled, but the simulation tools were either slow to run, insufficiently 

accurate or difficult to implement, as discussed later in this chapter.  Numerous 

changes are planned for the OSTR, including converting to low-enrichment 

fuel, replacing the graphite reflector and upgrading in-core experiment 

facilities.  These changes will require extensive neutronic analyses to ensure 

compliance with the licensing bases for the OSTR.  This thesis investigates the 

applicability of the computer code Attila [War 01] for performance of these 

analyses. 

 Attila was selected to model the OSTR core because it employs fast and 

accurate solution methods and is controlled via a graphical user interface, thus 

making it easier to use than codes controlled strictly via text files.  Geometric 

properties of the system to be analyzed are specified using computer aided 

design (CAD) software.  Although the level of detail of geometric 

specifications is limited by computer hardware (memory), in practice it is only 

necessary to preserve dimensions of neutronically important regions, such as 
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fuel material, reflectors and moderators.  The CAD software used in this work 

is fully capable of rendering every thread on every bolt, but this level of detail 

would provide minimal improvement of solution accuracy at the cost of greatly 

increased computing requirements. 

Material properties such as fission probability, scattering probability and 

absorption probability are specified using cross section data (a neutron cross 

section represents the probability of interaction per unit path length of neutron 

travel).  Many sources of raw data are available.  To perform efficient 

calculations, large amounts of cross section data may be condensed into 

smaller working libraries.  Proper implementation of cross section data is part 

science and part art.  Several different cross section working libraries were 

used and evaluated as part of this work.   

 Since Attila has not previously been used to model TRIGA reactors, a 

significant portion of the work presented herein involves comparison of results 

from Attila to results from the Monte Carlo N-Particle (MCNP) code [Bri 00].  

MCNP is used throughout the industry for a wide variety of applications and is 

known to accurately model a wide variety of complex physical situations.  A 

benchmark problem was designed to include all geometries and materials 

likely to be found in the OSTR.  Attila and MCNP produced commensurate 

results when modeling the benchmark problem, thus indicating consistent and 

satisfactory modeling techniques for both codes.   

 

1.2  Literature Review 
  

 Computer analysis is inextricably tied to reactor design.  Analysis methods 

can typically be grouped into two major categories.  Stochastic methods use a 

statistical approach to determine the neutron distribution within a specified 

physical system.  Deterministic methods use a variety of techniques to break 

the physical system into a collection of subregions wherein a coupled system 

of linear equations is generated and solved.  There are also a small but growing 

number of hybrid methods, which use techniques adapted from both categories. 
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 The concept of the TRIGA reactor was originated in 1956.  The first 

TRIGA reactor was commissioned in 1958, at which point there were already 

many codes available to perform reactor analysis.  These codes utilized 

techniques including transport theory, multi-group and multi-dimensional 

diffusion theory and stochastic methods.  Physical systems suitable for analysis 

tended to be very limited due to computing speed and memory capacity, but 

clever use of information allowed designers to produce acceptable results.  A 

comprehensive summary of these early codes can be found in [Nat 59] and 

[Nat 60].  The properties of codes mentioned in this section are listed in Table 

1.1, Summary of Cited Computer Codes. 

 Fifty eight TRIGA reactors were installed and brought to initial criticality 

by 1980 (thirty one in the United States and twenty seven internationally).  

TRIGA reactors achieve their inherent stability through the use of zirconium 

hydride fuel.  This type of fuel also tends to produce strong in-core flux 

gradients which present a significant challenge to modeling codes.  The 

introduction of Fuel Lifetime Improvement Program (FLIP) fuel with a 

burnable poison and high fuel enrichment compounded these challenges.  Early 

reactor owners analyzed their cores using existing codes, and codes written 

specifically (usually by the owners) for use with TRIGA reactors.  

Simplifications such as treating a three-dimensional model in two dimensions 

or homogenization of heterogeneous regions were required to render analyses 

manageable.   

 Representative work in the 1970’s included analysis done at the Annular 

Core Pulse Reactor (ACPR), Pennsylvania State University and Oregon State 

University.  The ACPR fuel storage container was analyzed using DTF-IV, a 

published code which utilizes one dimensional, multi-group SN transport 

theory [Phi 74].  At Pennsylvania State University, core management software 

called TRICOM [Cen 74] was devised.  TRICOM inputs included 

multiplication factor (k-effective) and power distribution data, both of which 

were obtained by running the production codes LEOPARD (a pin-cell cross 

section generation code) and EXTERMINATOR-II (a two dimensional 
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diffusion code).  The ACPR study demonstrated that criticality limits could be 

met, although additional work was recommended.  The TRICOM work 

resulted in significant improvements in the Pennsylvania State University fuel 

core management system. 

 Work done at Oregon State University (OSU) in the 1970’s involved 

extensive analysis of new FLIP fuel and utilized a code called DIF, a multi-

group, one-dimensional diffusion code which was written at OSU [Rin 76].  

Results of the analysis agreed well with data provided by General Atomics (the 

TRIGA designer) and Texas A&M University (owner of a similar reactor).  A 

significant portion of the safety analysis review for the new core was based on 

the results of the DIF analysis. 

 TRIGA modeling work continued in the 1980’s with the use of production 

codes, and codes written by TRIGA owners.  Results predicted by codes were 

compared with reactor measurements with varying degrees of success.   

 Codes written by users included BURNUP [Nee 80], CAN [Can 82] and a 

pair of codes (names not specified) written at the Technical Institute of 

Istanbul (ITU) [Ozg 88].  BURNUP was written as a simplified approach to 

calculating k-effective and flux distribution at the Berkely Research Reactor, 

and results compared well with the more complex production codes ORIGEN 

and FEVER/M1.  CAN was a three-dimensional diffusion code which included 

some acceleration techniques.  Results were compared with work done using 

one- and two-dimensional production codes [Yar 82] with acceptable results 

although both studies over-predicted the value of k-effective.  The code pair 

written at the ITU was used to evaluate and compare the performance of finite 

element methods with finite difference methods for TRIGA reactor 

calculations. 

 Use of production codes in the 1980’s included TWENTY GRAND and 

OZGUR [Yar 82], BOLD VENTURE IV [Yup 86], CITATION and WIMS-D 

[Kad 88] and a commercial code suite (name not specified) used to analyze the 

Jozef Stefan Institute TRIGA reactor in Ljubljana, Slovenia [Rav 84]. 
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 The work done by Yarman, et al. [Yar 82] calculated one- and two-

dimensional flux distributions, as well as void and temperature coefficients.  

As expected, these codes did not predict reactor parameters as well as the three 

dimensional code used to perform the same analysis [Can 82].  An unexpected 

result was the prediction of a positive void coefficient under certain conditions.  

The existence of a positive void coefficient was unknown to the manufacturer.  

This result was confirmed by reactor experiments and also by later analytical 

calculations [Edg 88].   

 BOLD VENTURE IV was one of the earlier three-dimensional codes.  

Computer capacity limited the TRIGA studies to a very coarse mesh 

(41x32x12).  Results were compared with results from EXTERMINATOR II 

(two-dimensional diffusion code).  The two codes agreed reasonably well, but 

it is difficult to ascertain which results were “better” since no comparisons 

with measured values were performed. 

 The work done with WIMS-D and CITATION (another three-dimensional 

code) produced mixed results at the Musashi research reactor.  There was good 

agreement with measured control rod worth, but the actual value of the reactor 

multiplication factor (k-effective) for a critical core was over-predicted by 

3.6% (keff = 1.036).  It should be noted that throughout the published body of 

work applicable to TRIGA reactor modeling, the predicted value of k-effective 

tends to be too high.   

 In the 1990’s, efforts began to focus less on writing new TRIGA specific 

codes and more on using existing commercial codes.  A few new TRIGA 

codes were written and evaluated, such as TRIGAP [Maz 90] and TRIGLAV 

[Per 99a, Per 99b, Per 99c] but they did not achieve widespread usage.  Both 

production and custom codes, when used in conjunction with cross section data 

prepared from WIMS, continued the tend to overestimate the calculated value 

of k-effective. 

 Two additional trends can be observed during this decade.  The first is the 

appearance of neutronics codes coupled with thermal-hydraulics codes.  

Although most TRIGA reactors operate at low power, some TRIGA reactors 
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operate at power levels sufficiently high that the thermal hydraulic effects of 

core power affect neutronic behavior.  In addition to these higher rated units, 

several TRIGA reactors also pulse to power levels of several thousand MW.  

Pulse modeling was performed at Pennsylvania State University [Fel 97] using 

STAR (a 3-dimensional time dependant nodal kinetics model) coupled with 

WIGL (one dimensional thermal hydraulics model).  Good results were 

obtained when U-Zr-H fuel was accurately represented. 

 The other important trend was the application of MCNP to the TRIGA 

reactor.  When the daunting task of describing the geometry of the entire 

TRIGA core in a text file was finally tackled, results were found to be in good 

agreement with measured reactor parameters.  MCNP was used to evaluate a 

new type of fuel at Oregon State University [Dod 94].  MCNP calculations 

were compared with benchmark core measurements at various reactors by 

Abdurrahman, et al.  [Abd 97], Jeraj, et al. [Jer 97] and Matsumoto [Mat 98].  

This work was continued in the 2000’s by Jacimovic, et al. [Jac 02], Ravnik, et 

al. [Rav 03] and Huda, et al. [Hud 04]. 

 In the 2000’s, efforts had shifted almost completely away from custom 

coding.  Several additional neutronics production codes were applied to 

TRIGA modeling such as MCRAC [Err 01], TORT [Boz 03] and KENO [Rav 

03].  Thermal-hydraulics modeling efforts also continued, with the application 

of modern codes such as RELAP/TRAC [Fel 00] and PARET [Hud 01].  

Results indicated that although small, TRIGA reactors do not necessarily 

behave as point kinetic reactors, and three-dimensional thermal-hydraulic 

effects are also significant. 

 This thesis investigates the use of a recently developed commercial 

radiation transport code called AttilaTM (it is understood that all other mentions 

of the Attila software in this thesis shall include an implied trademark 

designation) to model the OSTR.  This code meets the usefulness criteria of 

section 1.1.  It uses an efficient and accurate spatial discretization technique 

(linear discontinuous finite element method on tetrahedral cells) and is 

controlled via a graphical user interface (GUI).  Although the use of Attila is 
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becoming more widespread, it has not previously been used to model a TRIGA 

reactor.  Attila is a highly flexible code which is suitable for use with all 

reactor types.  It can be used for criticality calculations (output is the reactor 

multiplication factor, keff , and flux moments or adjoint flux moments at every 

point throughout the core) or shielding calculations (output is flux moments 

throughout the system).  The code accepts material data input (cross sections) 

in several widely used formats.  The code accepts geometric input in several 

common CAD formats.  User options are specified via a graphical user 

interface, and the range of options covers all commonly used simulation 

parameters (quadrature sets, Sn order, Pn order, boundary conditions, response 

functions, iteration limits, etc.).  The calculated flux moments for even a small 

system can represent large amounts of data.  This information can be 

visualized with TECPLOT software, allowing qualitative assessment of 

approximate solution behavior.  The user can also easily generate edit reports 

to obtain specific information about flux, reaction rate, neutron current and 

material density at any point in the system. 

The remainder of this thesis is organized as follows.  A thorough 

description of the Oregon State TRIGA Reactor is included in section 2.  

Section 3 describes in detail all the software tools (including Attila and all of 

the software utilized to generate Attila input) used in the conduct of this 

research.  In section 4, the means of analysis are discussed.  This project was 

conducted in three major phases.  The first phase included the evaluation of 

several cross section data libraries and the development of a benchmark model 

suitable for meaningful comparison of Attila results with MCNP results.  The 

second phase investigated the effect of time step size on depletion calculations.  

The third phase involved several full core calculations, and comparison of 

results with measured OSTR parameters.  Results of each phase are presented 

in section 5 and discussed in section 6.  Conclusions and recommendations for 

further work are discussed in section 7. 
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Table 1.1:  Summary of Cited Computer Codes 

Name Description 
ATTILA Three-Dimensional, Transport, Multi-Group, LDFEM 

BOLD VENTURE IV Diffusion, Multi-Group, Core Management, Burnup 
BURNUP Two-Dimensional, Diffusion, Two-Group 

CAN Three-Dimensional, Diffusion, Two-Group 
CITATION Three-Dimensional, Diffusion, Multi-Group 

DIF One-Dimensional, Diffusion, Multi-Group 
DTF-IV One-Dimensional, Multi-Group SN Transport 

EXTERMINATOR II Two-Dimensional, Diffusion 
FEVER/M1 Depletion 

ITU code pair FEM/FDM 
KENO Stochastic 

LEOPARD Cross Section 
MCNP Stochastic, Continuous Energy 

MCRAC Core Management, Two-Dimensional, Diffusion, 
Two-Group 

ORIGEN Depletion 
OZGUR One-Dimensional, Diffusion, Two-Group 
PARET Thermal-Hydraulics 

RELAP/TRAC Thermal-Hydraulics 
STAR Three-Dimensional, Time Dependant, Nodal Kinetics 
TORT Three-Dimensional, Transport, Multi-Group 

TRICOM Core Management 
TRIGAP One-Dimensional, Diffusion, Two-Group 

TRIGLAV Core Management Suite, Two-Dimensional, 
Diffusion, Burnup 

TWENTY GRAND Two-Dimensional, Diffusion, Two-Group 
WIGL One-Dimensional, Thermal-Hydraulics 

WIMS-D One-Dimensional, Transport, Multi-Group 
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2.  The Oregon State University TRIGA Reactor 
 

2.1 Physical Description of the Oregon State University TRIGA 
Reactor 
 

 The OSTR is a Mark II TRIGA reactor licensed for operation up to 1.1 

MWt.  The reactor is situated in a water filled aluminum tank.  The water 

provides cooling, shielding and neutron moderation.  Primary water is 

circulated through the tank, although flow through the core is provided by 

natural circulation.  A secondary water system cools the primary water and 

rejects heat to the atmosphere.  The tank is surrounded by concrete which 

supports the tank and provides shielding.  Cross section drawings of the reactor 

are shown in Figures 2.1 and 2.2a. 

 
Figure 2.1:  OSTR, Vertical Section 

                                                 
a Figures and information in this section have been adapted from the Oregon 
State TRIGA Reactor Training Manual [And 90] unless otherwise noted. 
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Figure 2.2:  OSTR, Horizontal Section 

 

 The core is surrounded by a graphite reflector designed to reduce neutron 

leakage.  A 5.1 cm. blanket of lead surrounds the reflector and reduces the 

radiation load on the concrete bioshield.  The reflector is attached to a square 

platform which is bolted to the bottom of the tank.  The reflector supports the 

upper and lower grid plates which position and restrain all of the core 

components.  As shown in Figure 2.2, the reflector is pierced by several beam 

ports.  A detailed diagram of the core assembly is shown in Figure 2.3. 

 The grid plates provide 127 distinct core element positions.  Positions are 

arranged in seven rings.  The A-“ring” is the center position.  The G-ring is the 

outer ring and has 36 positions.  The grid plates are shown in Figure 2.4.  

Typical core loadings, and the grid plate locations themselves do not have 

rotational or mirror symmetry.  Full core representation is thus required when 

modeling; half-core (or quarter-core or sixth-core, etc.) modeling is precluded.
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Figure 2.3:  Core Assembly 
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Figure 2.4:  Upper and Lower Grid Plates 

 

 Core positions may contain fuel elements, graphite reflector elements, 

control rods, thimbles, a neutron source, experiment holders or may be vacant 

(water filled).  The nuclear instrumentation neutron detectors are located 

outside the core (adjacent to the reflector).  One fuel element in the B-ring is 

equipped with temperature monitoring thermocouples.  Core changes are 

performed on a routine basis as required to meet experimenter needs.  The core 

configuration as of July, 2005 is shown in Figure 2.5. 
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Figure 2.5:  July 2005 Core Configuration 

 

 Three control rods are fuel-followed, and the fourth is air-followed.  The 

upper section of each control rod contains 25 mass percent B4C dispersed in 

graphite.  As the control rod is withdrawn from the core, the absorber section 

moves out and the follower is drawn up into the core.  The fuel-followed 

control rods (FFCR) are positioned with magnetically coupled electric drives.  
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The air-followed control rod (AFCR) is positioned with a pneumatic drive.  A 

reactor pulse may be performed by ejecting the AFCR to a predetermined 

height, rapidly introducing up to $2.55 of positive reactivity.  

 The physical properties of the fuel make the reactor inherently safe and 

provide the capability of pulsing.  The concept of the TRIGA reactor 

originated in 1956 in a “little red schoolhouse” [Dys 79].  A team of scientists 

and engineers under Edward Teller was charged with designing a reactor “so 

safe that if it was started from its shutdown condition and all of its control rods 

instantaneously removed, it would settle down to a steady level of operation 

without melting any of its fuel or releasing fission products” [Fou 03].  TRIGA 

fuel takes advantage of the properties of zirconium hydride and the “warm 

neutron principle” (described below) to achieve the desired level of inherent 

safety.  Fuel Lifetime Improvement Program (FLIP) fuel performance is 

further enhanced by the addition of erbium as a burnable poison.  The presence 

of erbium in fresh fuel allows a higher U-235 loading, and thus a longer fuel 

lifetime, as well as enhanced neutronic characteristics. 

 The hydrogen in the ZrH lattice acts as a bound oscillator which can gain 

or lose energy in quanta of hυ≈0.14 eV.  The ZrH matrix acts as a very 

efficient moderator as long as neutron energies are above 0.14 eV.  Below this 

energy, neutrons in the fuel can only lose energy via the inefficient process of 

exciting acoustic Debye type modes.  Most neutron thermalization below 0.14 

eV in the TRIGA core therefore occurs in the water moderator surrounding the 

fuel.   

 When fuel temperature increases (due to an increase in power or loss of 

coolant), the number of excited hydrogen oscillators in the fuel increases, and 

the probability that a thermal neutron in the fuel will gain energy also 

increases.  The higher energy neutron will have a longer mean free path for 

collision, and thus a higher probability of escaping from the fuel matrix before 

being captured.  An increase in fuel temperature thus results in a decrease in 

reactivity due to 1) an increase in the fuel absorption disadvantage factor, 2) a 
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decrease in U-238 resonance escape probability due to Doppler broadening and 

3) an increase in core leakage. 

 FLIP fuel is composed of 70% enriched uranium in a ZrH matrix which 

also contains 1.6 weight percent erbium.  Erbium-167 has a large parasitic 

absorption cross section near 0.5 eV.  When fuel temperature increases, the 

thermal neutron spectrum is hardened as discussed above, and a portion of the 

thermal neutron population is shifted into the region of the erbium absorption 

resonance (see Figure 2.6).  The presence of erbium thus augments the 

negative temperature coefficient.  Since a major portion of neutron 

thermalization occurs in the fuel, this is regarded as a prompt feedback 

mechanism. 

 
Figure 2.6:  Thermal Neutron Spectra vs. Fuel Temperature  
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2.2  Differences Between the OSTR Core and the Attila Model 

 

2.2.1  Geometry 

 
 When creating the geometric model of the OSTR core for use with Attila, 

dimensions of neutronically important structures were preserved, but 

unimportant structural details were simplified or omitted.  The extent of the 

model is limited to a few mean free paths outside the lead shell of the annular 

reflector.  The graphite of the thermal column and the thermalizing column are 

included in the volume outside the reflector, as well as the surrounding water.  

Beam port structures, both inside and outside the reflector are not included in 

the model.  Structures above the upper gridplate and below the lower gridplate 

are omitted (except for control rod absorbers and followers, the full extent of 

which are included in the model, even if they are positioned such that they 

would extend past the grid plates).  The upper and lower fittings of core 

components are treated as homogenized cylinders with appropriate dimensions 

and number densities.  All core components in the benchmark model are 

treated as 12 sided right circular prisms of homogenized material rather than 

simple cylinders (during phase III work, more advanced meshing tools were 

available which allowed accurate representation of the clad and central 

zirconium rod in the fuel without adding prohibitively many additional 

tetrahedra).  This allows more precise control over component dimensions, and 

also minimizes the number of tetrahedra required to construct the components 

when the computational mesh is created.  Bolts, fasteners and other 

neutronically insignificant structures are omitted.  A fully rendered reflector 

element is shown in Figure 2.7.  The simplified version used in the geometric 

model is shown in Figure 2.8.  Complete specifications of the OSTR model are 

included in Appendix A, OSTR Model Specifications. 
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Figure 2.7:  Reflector Assembly 

 

 
Figure 2.8:  Simplified Reflector Assembly 

 

2.2.2  Materials 
 

 Most core components are constructed as a central region of one material 

with a thin layer of clad material provided to maintain component integrity.  

To minimize the number of tetrahedra required to model core geometry, these 

clad layers are not included in the benchmark model.  Instead, the clad and 

internal structures are treated as one homogenized material.  Libraries used in 

this work include WIMS based cross sections and SCALE based cross 

sections.  The homogenization method used in the creation of the WIMS based 

libraries differs from the method used in the creation of the SCALE based 
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libraries.  Both methods are described in detail in Chapter 4.  The list of 

homogenized components used in the benchmark model is given in Table 2.1. 

 

Table 2.1:  Benchmark Model Homogenized Components 

Component Materials 
Reflector Graphite + Aluminum Clad 

Thermal Column Graphite + Aluminum Clad 
Thermalizing Column Graphite + Aluminum Clad 

Lazy Susan Air + Aluminum Clad 
Control Rod Absorber B4C + Stainless Steel Clad 

AFCR Follower Air + Aluminum Clad 
FFCR Follower Fuel + Stainless Steel Clad 
Fuel Element Fuel + Stainless Steel Clad 

Reflector Element Graphite + Stainless Steel Clad 
ICIT Air + Aluminum Clad 

CLICIT Air + Cadmium Sleeve + Aluminum Clad 
Rabbit Terminus Air + Aluminum Clad 
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3.  Software 
 

 Attila is a recently developed general purpose radiation transport 

simulation tool.  It incorporates fast and accurate solution methods and is 

sufficiently flexible to accept input data in a variety of formats.  Normal 

program control is via a graphical user interface.  For the purposes of this 

work, geometric input was specified using Solidworks© CAD software (it is 

understood that all other mentions of the Solidworks software in this thesis 

shall include an implied copyright designation).  Material property input was 

specified using one cross section library created with WIMS-ANL software 

and several cross section libraries created with the SCALE software package.  

Cross section data is treated using the multi-group approximation, rather than 

as a continuous function of neutron energy.  The library created with WIMS is 

based on ENDF/B-VI data.  The libraries created with SCALE are based on 

ENDF/B-V data. 

 Various versions of MCNP have been in use for several decades.  Version 

4C, as used in this work, did not require input or interface with other software.  

Program control is via a text file.  The cross section data library utilized by 

MCNP4C is ENDF/B-VI, and cross section data is treated as continuous with 

respect to energy, although multi-group data can be incorporated into MCNP 

analyses. 
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3.1  Solution of the Neutron Transport Equation with the 
Deterministic Transport Code Attila 

 

 Attila solves the linearized Boltzmann transport equation which accurately 

predicts the flow of radiation under a few simplifying assumptionsb.  The 

following assumptions are made about the problem to be solved: 

 Radiation is modeled as particles only, with no particle-to-particle 

interactions.  Wave effects are neglected. 

 Particles travel in straight lines between collisions and collisions are 

instantaneous.  Scattering events are not delayed. 

 There is no preferred direction of particle travel within a single material 

(isotropic) and material properties do not depend on particle 

distribution. 

 The mean value of the particle distribution adequately describes the 

solution. 

 The solution is not varying over time ⎟
⎠
⎞

⎜
⎝
⎛ ≅
∂
∂ 0

t
ψ . 

Under these assumptions, the linearized Boltzmann transport equation can be 

written in the following form: 
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In the above equation, )ˆ(Ωψ is the angular neutron flux, Ω̂  is the unit vector 

denoting the direction of neutron travel, tσ  is the total microscopic cross 

section (absorption plus scattering), sσ  is the double differential microscopic 

                                                 
b Most material in section 3.1 was adapted from “Attila Version 4: User’s 
Manual” by J. M. McGhee, T. A. Wareing and D. A. Barnett Jr., Transpire 
Inc., (Unpublished) 
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scattering cross section, )(Eχ  is the fission spectrum, υ  is the mean number 

of neutrons produced per fission and fσ  is the fission microscopic cross 

section. 

Each term in equation 3.1 corresponds to a specific physical process:  

1) Removal term due to neutron streaming (translation) 

2) Removal term due to neutron collisions 

3) Source term due to in-scatter 

4) Source term due to neutron production from fission 

5) Arbitrary user defined source term  

Due to the assumption that the solution does not vary with time, the neutron 

source terms must balance the neutron removal terms. 

 In order to solve equation 3.1, the continuous independent variables of 

energy (E), space (r) and angular direction (Ω ) are discretized.  Energy 

discretization is achieved by breaking the continuous energy spectrum into 

sub-regions (groups), within which properties are assumed to be constant.  

Spatial discretization is implemented by subdividing the spatial domain of the 

problem into sub-regions.  Material properties are assumed to be constant 

within the sub-region, but the solution is allowed to vary linearly within the 

sub-region, and the solution is not required to be continuous across sub-region 

boundaries.  Angular discretization is implemented through the use of the 

discrete ordinate angular discretization (sometimes called SN or DSN) where 

all possible directions of neutron travel are subdivided into discrete solid 

angles. 

 Once the problem has been fully specified and discretized, the principal 

solution technique is source iteration used in conjunction with diffusion 

synthetic acceleration (DSA).  To perform source iteration, an initial estimate 

of the flux shape is made.  This initial estimate is then used to calculate a 

source of neutrons for the next iteration based on fissions due to the initial 

neutrons.  As this process is iterated, the spatial distribution of neutrons 

converges to the eigenvector flux distribution.  The ratio of the neutron 

population in successive iterations also converges to a constant value (the 
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fundamental eigenvalue) equal to the value of k-effective, the multiplication 

factor of the system. 

 Although source iteration is known to be an effective solution technique 

for many classes of transport problems, it can be prohibitively slow for 

optically thick problems dominated by particle scattering.  The number of 

iterations required to converge using the source iteration technique can be 

greatly reduced through the use of diffusion synthetic acceleration.  DSA uses 

an approximation based on diffusion theory to estimate and correct the error 

between successive transport source iterations.  The DSA method used in 

Attila is known as “simplified wla” [War 01] , and has been shown to be 

unconditionally stable and highly effective for most transport problems.   

 As implemented, the code is known to converge to the true solution as the 

computational mesh is more finely resolved in energy, space and angle.  

Discontinuous finite element differencing is third-order accurate, and captures 

discontinuities in solution and material properties.  Most importantly, the 

solution is determined everywhere within the defined region of the problem, as 

opposed to the stochastic approach used by MCNP where the solution is 

tracked only in pre-defined regions of interest.    

Although Attila can only solve the steady-state neutron transport equation, 

it is possible to couple Attila with FORNAX, a nuclear transmutation routine.  

Using the coupled codes, depletion calculations can be performed.  Attila 

calculates the initial steady state flux, and the flux distribution is then used by 

FORNAX to calculate the amount that each material is depleted (burned out) 

in each tetrahedron after a specified amount of time.  Attila then calculates the 

flux in the depleted system and FORNAX determines the depletion during the 

next time step.  The number and duration of depletion steps is specified by the 

user, as well as the power during each step.  The depletion capability was used 

to analyze the sensitivity of the TRIGA simulation to time step coarseness.  A 

full core multi-step depletion calculation was not performed due to the extreme 

complexity of OSTR operating history and certain inherent limitations on 

depletion options. 
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3.1.1  Geometry Specification Using Solidworks 
 

 Solidworks is a computer aided design (CAD) program which was used to 

model the geometry of the OSTR.  It is a flexible tool which allows complex 

structures to be constructed from simple components.  Files can be saved in the 

parasolid (x_t) format, which is an acceptable Attila input format.   

 In addition to the basic drawing tools, a number of sophisticated design 

aids are included with Solidworks.  To enable proper mesh creation in Attila, 

the geometric model must have no overlapping parts, and no undefined 

regions.  “Interference Detection” can be performed by Solidworks, and will 

identify any overlapping structures.  Performing a “Cavity Cut” allows the user 

to select a complex assembly (such as the fully rendered reactor core) and use 

it as a template to create a cavity of the same shape in another component (i.e. 

the volume representing the water surrounding the core). 

 Another useful geometric construction tool available in Solidworks is the 

ability to extract a thin two-dimensional slice (a very thin cross section which 

is one tetrahedron in height when meshed) from a full three-dimensional 

model.  The fully rendered three-dimensional model of the core is used by 

Attila for eigenvalue/eigenvector calculations.  In order to accurately construct 

cross section libraries from SCALE based data, a two-dimensional slice of the 

reactor is obtained from the three dimensional model.  This two-dimensional 

slice is used by Attila to calculate finely resolved (in energy) fluxes in all core 

materials.  These fine resolution fluxes are then used to collapse cross section 

data to a coarse group structure.  The process is discussed in detail in section 

4.2.2. 
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3.1.2  Cross Section Specification Using WIMS-ANL 
 

 WIMS-ANL (Winfrith Improved Multigroup Scheme – ANL version) is a 

transport code used to perform lattice cell related calculationsc.  Cross section 

data used in these calculations is based on ENDF/B-VI information.  Cell 

geometry is specified in one dimension only (radial) but additional arguments 

may be included in the input text file which allow approximation of two 

dimensional (r,θ) geometry.  Limited z-dimension information may be 

included with the use of a buckling term. 

 The user has the option of specifying DSN or collision probabilities as the 

method of solution.  The user also specifies the spacing of the one-dimensional 

mesh, the group collapse parameters and the list of materials to be 

homogenized (if any).  WIMS calculates the flux as a function of radial 

position and neutron energy.  The flux distribution is used to collapse the flux 

to the desired number of energy groups.  The solution technique incorporates 

proper treatment of multiple resonance materials.  A depletion calculation 

option is available, but was not used as part of this work. 

 Results from WIMS calculations were output in a SCRAMBLE format.  

Attila accepts cross section inputs in the MENDF, DTF, BXSLIB2 and 

AMPX-77 formats.  A FORTRAN routine called WIMS2DTF was written as 

part of this work to translate from the SCRAMBLE format to the DTF format. 

 The WIMS-ANL code was initially chosen for cross section preparation 

since it was tailored specifically for analysis of research reactors.  The code 

proved to be difficult to operate, and ultimately did not give satisfactory results 

(results based on WIMS-ANL generated cross sections are included in section 

5 for comparison purposes).  SCALE based cross section preparation methods 

used at Transpire, Inc. (the owners of the Attila code), were adopted in lieu of 

WIMS-ANL based cross sections. 

 
                                                 

c Deen, J. R., Woodruff, W. F., Costescu, C. I., Leopando, L. S., “WIMS-ANL 
User’s Manual, Rev 4,” ANL/RERTR/TM-23 (December 2000). 
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3.1.3  Cross Section Specification Using SCALE 5 
 

 SCALE (Standardized Computer Analysis for Licensing Evaluation) is a 

collection of software designed for analysis of criticality, safety, shielding, 

depletion, heat transfer and cross section processing [SCA 05].  Only two 

pieces of this large collection of software and data were utilized in this work.  

The 238 group cross section library, based primarily on ENDF/B-V data was 

used as the source of cross section information.  The NITAWL module 

performs problem dependant resonance shielding calculations and reads the 

ENDF/B-V library (formatted as AMPX master interfaces) and produces a new 

library in the AMPX working interface format.  The process of constructing a 

problem specific cross section library from SCALE based data is detailed in 

section 4.2.2.  

 A third type of cross section library used for depletion was provided by 

Transpire, Inc.  The transpire29 library is based on LANL 187 group cross 

section data that was collapsed to 22 groups.  This library is designed for 

power reactor type conditions and depletion calculations and was not modified 

for this work. 

  

3.2  Solution of the Neutron Transport Equation with the 
Stochastic Transport Code MCNP 

 

 MCNP does not directly solve the neutron transport equation, but rather 

determines the answer to a neutron transport problem by simulating the 

behavior of neutrons within the specified problem as accurately as possible, 

and tracking the behavior of a sufficient number of neutrons to obtain 

statistically acceptable resultsd.  Parameters of the neutron transport problem 

are specified by the user with a text file.  As with Attila, geometry can be 

                                                 
d Most material in section 3.2 was adapted from “MCNPTM-A General Monte 
Carlo N-Particle Transport Code,” Version 4C, by Briesmeister, J. F. (Editor), 
(April, 2000) 
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specified in as detailed a manner as desired, but increasing detail generally 

leads to longer computer run times, so unimportant details are normally 

omitted.  Unlike Attila, cross section data is based on continuous energy 

nuclear data libraries (although discrete energy group libraries may be used, if 

desired).  MCNP4C, the version of MCNP used in this work uses neutron cross 

section data based principally on the ENDF/B-VI nuclear data library.  The 

neutron energy regime extends from 10-5 eV to 20 MeV.  Photon and electron 

behavior is not considered in this work. 

 To solve a neutron transport problem, MCNP sources neutrons into the 

problem and tracks their behavior until they are removed from the problem.  

The initial neutron distribution is specified by the user with the use of the “ksrc 

card”.  Cards correspond to MCNP commands entered on paper punch cards in 

early versions of the code.  The ksrc card specifies the initial location of 

neutrons in a criticality (kcode) problem.  The default energy distribution of 

source neutrons due to fission is the Watt fission energy spectrum.  The 

direction of flight is determined by sampling from a probability distribution 

function (pdf) governing direction.  Flight distance between creation and 

interaction is determined by sampling from a pdf governing probability of 

interaction.  The type of interaction is determined by sampling from a pdf 

governing the relative probabilities of all types of interaction (elastic 

scattering, inelastic scattering, fission, (n,α), etc.).  Tracking of particle history 

stops when the particle is removed (absorbed or transported out of the 

problem).  Reports are generated to inform the user of problem results.  Default 

reports include k-effective information, and analysis of problem statistics.  

Additional reports may be specified by the user.  

 Many options are available to enhance the performance of the code.  Three 

such options were used in this work.  The “esplt:n” card duplicates particles as 

they pass through a lower energy threshold and is used as a variance reduction 

technique.  The “cut:n” card causes neutrons to be removed if they fall outside 

of the cross section energy range.  The “e0” card sets up energy bins and was 

used to allow meaningful comparison between MCNP flux, which varies 
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continuously with energy, and Attila flux, which varies with discrete energy 

groups.  Flux tallies were set up for all regions of specific interest.  The regions 

of interest for the benchmark problem were known a priori, but this is not 

always the case when using stochastic techniques. 



29 

 

4.  Analytical Approach to OSTR Modeling and Verification of 
Model Accuracy 

 

 Although the concept of analysis via computer modeling is relatively 

straightforward, there are an enormous number of variables which can affect 

the outcome of the modeling effort.  MCNP was selected as a known standard 

against which Attila results could be compared.  A benchmark problem was 

created, and the effects of various changes to Attila input data were evaluated.  

Global and local core characteristics are sensitive to changes in material 

properties, and a numerically small change in k-effective represents a large 

change in reactor behavior.  The benchmark reactor is described in detail in 

this chapter, as are the two approaches to generating material cross section data 

libraries. 

 The principal goal of this thesis is to develop the tools necessary to model 

the OSTR as accurately as possible.  The reactor has been in operation with 

FLIP fuel for almost 30 years, so the ability to perform depletion calculations 

(in some form) is required.  Although MCNP can be coupled with other codes 

to perform depletion calculations, depletion benchmarking with MCNP was 

not performed as part of this work since Attila results could be compared 

directly with measured reactor parameters.  The operating history of the reactor 

is highly variable, involving frequent core configuration changes and 

continuous control rod movement.  It is likely that a depletion calculation 

closely mimicking all core changes would take considerably longer to perform 

than the 30 years that the core has been operating.  Two simplified approaches 

to a core history depletion calculation are considered as part of this work:  a 

full-core, simplified multi-step depletion calculation and a single step 

‘snapshot’ calculation. 

 To perform the full-core multi-step depletion calculation, the highly varied 

OSTR operating history must be represented by a smaller number of 

representative depletion steps.  Not only is power history extremely variable, 

but core components (fuel, reflectors, experiments) are also frequently moved.  

Once the model parameters have been optimized and the depletion strategy has 
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been verified, the current core state can, in theory, be reproduced as closely as 

desired.  This final extensive Attila calculation would then be compared with 

measured core parameters to evaluate the overall accuracy of the modeling 

approach.   

Since the limitations on depletion options currently available in Attila 

limit the accuracy of the full-core depletion calculation, an alternate approach 

to the depletion method was performed.  In the alternate method, unit cell 

studies on TRIGA fuel were performed to determine the average isotopic 

composition of fuel at various points in the fuel lifetime.  A full three-

dimensional core was then loaded with radially zoned depleted fuel.  Three 

types of depleted fuel were used, corresponding as closely as possible to 

individual fuel element power histories.  This depleted core snapshot was then 

analyzed using Attila to determine keff and flux distribution.  The results of 

these snapshot calculations were compared with measured core parameters.   

 

4.1  The TRIGA Benchmark Model 
 

 A very detailed MCNP model of the OSTR core has been used by reactor 

staff to predict neutron flux at various locations in the reactor core and outlying 

regions (thermal column and beam ports).  This model was developed as part 

of a previous OSU Master’s thesis on epithermal beam design at the OSTR 

[Tiy 97].  Although this model gives reasonable results which compare 

adequately with measured flux values, several errors were discovered when the 

MCNP input files were examined.  In addition to the errors, principally in 

number densities and dimensions, the model extent is larger than that desired 

for current core modeling efforts.  Rather than revise the existing model, and 

potentially miss other errors, a new and relatively simple core model was 

devised.  The purpose of this benchmark model was to design a reactor 

sufficiently complex to include all structures and materials found in the OSTR, 

yet sufficiently simple to minimize the chance of introducing modeling errors.  
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 The OSTR core model is described in section 2.2.  The principal 

differences between the benchmark model and the OSTR core model are: 1) 

the benchmark model omits the graphite blocks of the thermal column and the 

thermalizing column, 2) the benchmark model core lattice locations (but not 

the core itself, as loaded) all have rotational symmetry, 3) the benchmark 

represents all upper and lower fittings as a single spacer disk (the OSTR core 

model represents the spacers as individual disks for each fuel and reflector 

element) and 4) the benchmark model omits the rabbit terminus and the source 

holder, but it does include the central thimble (A-1 position) and an experiment 

holder (B-1 position).  The results of the benchmark analyses are presented in 

chapter 5. 

 

4.1.1  Benchmark Geometry 
 

The core consists of a circular lattice with 127 positions which may hold 

fuel, reflectors, experiments or water.  There are 78 fuel elements, 29 reflector 

elements and 14 water locations.  There are also three fuel-followed control 

rods, one air-followed control rod, one experimental location and one central 

thimble.  A spacer disk representing a simplified end fitting is located above 

and below the core components.  An aluminum gridplate is located above and 

below the spacer disks.  The core is surrounded by an annular reflector 

composed of graphite and an outer annulus composed of lead.  All structures 

are symmetric about the midplane except for the graphite annulus and the 

control rods.  The top half of the inner 5 cm of the graphite annulus consists of 

an air-filled annulus representing a sample holding facility (the Lazy Susan).  

The control rod upper and lower sections are placed to simulate different 

withdrawal heights.  All height dimensions are referenced to the fuel midplane.  

The core layout is shown in Figures 4.1a, 4.1b (top view) and Figure 4.2 (side 

view).  Dimensions of all structures are listed in Appendix B, Benchmark 

Model Specifications.   
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Core components inside the annular graphite reflector were modeled as 

cylinders in MCNP.  To optimize tetrahedral meshing, these same components 

(excluding the upper and lower grid plates and spacers) were modeled as 

twelve sided right regular prisms in Attila.  Volume was preserved by adjusting 

dimensions when converting between cylindrical and prismatic constructions.  

A mesh extrusion technique was used to reduce the number of tetrahedra 

required to model the prismatic components.  This produced tetrahedra with 

high aspect ratios in these components, and resulted in all mesh nodes being 

located at discrete elevations (see Figure 4.3).  Remaining structures were not 

explicitly modified. 

 

 
Figure 4.1a:  Benchmark Core Structure Layout, top view 
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Figure 4.1b:  Benchmark Core Element Layout, top view 
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Figure 4.2:  Benchmark Core layout, side view 
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Figure 4.3:  Sample Meshes 

 
Mesh resolution plays a significant role in problem results, especially the 

resolution of small but neutronically important structures.  With insufficient 

spatial resolution in the fuel, a single tetrahedron can extend across the full 

diameter of a fuel element (3.73 cm for typical TRIGA fuel, 3.8 cm for the 

benchmark reactor fuel).  Due to the nature of the solution methods this results 

in a linear flux distribution.  In an actual fuel element, self shielding reduces 

the interior flux thus decreasing the influence of interior materials on neutrons.  

The linearization of flux in fuel (particularly in the radial dimension) due to 

insufficient mesh resolution can cause an over prediction of the k-effective 

eigenvalue. 

Three of the reactor control rods are fuel-followed, which means that as 

they are withdrawn from the core, fuel is pulled up into the core.  The fourth 

control rod is air-followed.  For simplicity of modeling, control rod materials 

(absorber and follower) only extend to +/- 25.4 cm, i.e. they do not penetrate 

through the spacers or grid plates.   
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4.1.2  Benchmark Materials 

 
Nine materials were used in the benchmark.  In the MCNP model, 

materials were treated explicitly without homogenization.   Since clad regions 

were very thin (0.5 mm.) explicit geometric modeling in Attila would have 

required a large increase in the number of tetrahedra without significant 

improvement of solution accuracy.  Therefore clad structures used in the Attila 

model were represented by homogenized materials.  Flux weighted spatial 

homogenization was performed with WIMS-ANL during construction of the 

seven group library.  Volume weighted homogenized materials were used by 

Attila to construct the 16 group SCALE based library of microscopic cross 

sections.  Materials used in the benchmark problem are listed in Appendix B. 

 

4.2  Creation of Cross Section Libraries 
 

 MCNP uses continuous energy cross section data, so the information 

available in the ENDF/B-VI database does not need to be processed into a 

discrete energy library structure before use by the program.  Attila utilizes 

discretization in energy (as well as space and angle) to solve the transport 

equation, so discrete energy group cross section libraries must be produced in 

order to obtain results.  In a problem with a large number of spatial cells, the 

number of energy groups must be limited in order to solve the problem in a 

“reasonable” amount of time.  Master libraries used as source data for this 

study had 69 energy groups (WIMS-ANL library) or 238 groups (SCALE 

library).  These libraries had to be collapsed to smaller libraries. 

 If the flux distribution as a function of energy is known, the process for 

performing a group collapse is straightforward.  To calculate an effective 

absorption cross section for a three group problem, the following equation is 

used: 
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 where ia,Σ  is the ith group macroscopic absorption cross section and iφ  is the 

ith group scalar flux.  The ia,Σ ’s are known at the outset, but the iφ ’s are what 

we are ultimately trying to determine.  This flux spectrum is dependent on the 

problem geometry and energy group structure.  Two approaches were used to 

calculate fine group flux spectra; a cell based approach using WIMS-ANL and 

a more sophisticated approach using SCALE5. 

 Comparisons of results of unit cell calculations involving different cross 

section libraries are included in chapter 5. 

 

4.2.1  WIMS-ANL Based Cross Sections 
 

 WIMS iteratively determines the solution to the transport equation in one 

dimension (radial).  Two-dimensional geometry can be approximated through 

use of additional arguments, but this option was not used in this work.  

Calculations are “cell based” – it is the responsibility of the user to determine 

exactly what type of cell best represents the problem or region of interest.   

 The OSTR core lattice is irregular.  The arrangement of core positions in 

the benchmark lattice, although in regular rings, still varies from perfectly 

hexagonal (in the core center) to nearly square (in certain regions at the core 

periphery) when viewed in terms of nearest neighbors.  Neutron flux as a 

function of both energy and position within a cell will vary depending on the 

type of cell geometry.  Studies using several geometries showed that the 

resultant variation in cross sections due to hexagonal vs. square geometry was 

relatively small (<0.01%), so fuel region cross sections were calculated using 

hexagonal cells.  Non-fuel bearing core regions were treated as an outer 

annulus of homogenized (fuel and water) driver material surrounding an 

annulus of water surrounding a cylinder of the material (or materials) of 

interest.  Average cell volume was determined by dividing the total core 
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volume by the total number of cells (127).  Cell dimensions were adjusted as 

required when changing between circular and hexagonal geometry in order to 

preserve cell and individual material volumes. 

 Due to the low radius of curvature, materials outside the core were 

analyzed by treating them as planes rather than annuli (i.e. slab geometry).  

These materials included the reflector graphite, the rotating rack, the outer lead 

shell and thermal column and thermalizing column graphite blocks. 

 Three example cases (annular/fuel, annular/non-fuel (supercell) and slab) 

are included in Appendix C, Sample WIMS-ANL Input Decks, along with a 

brief explanation of each WIMS-ANL input deck.  The three cases cover the 

three types of geometry used to calculate and collapse cross sections.  In 

summary, the process involves specification of geometry and mesh, 

specification of materials and specification of collapse scheme. 

 In addition to geometry factors, the energy structure of the group collapse 

will affect the resultant cross section values.  In the WIMS 69 group library, 

groups 1-14 are considered the fast groups, groups 15-27 are considered the 

resonance (or epithermal) groups and groups 28-69 are considered the thermal 

groups.  If performing a two group collapse, the logical dividing point would 

be to collapse groups 1-27 into a single fast group and groups 28-69 into a 

single thermal group.  Unless the initial cross sections are highly uniform, a 

different collapse strategy, such as groups 1-9 and 10-69, could result in a 

significantly different result when used in a transport calculation. 

 The optimum group collapse strategy captures the most accurate flux and 

cross section behavior with the fewest number of groups.  A seven group 

structure was used with WIMS because 1) it was the group structure used for a 

number of example General Atomics TRIGA calculations in the WIMS users 

manual [Dee 00], and 2) it appeared to capture most of the interesting energy 

regimes where flux and/or cross sections are varying strongly.  Graphs of cross 

section data for some of the more important materials used in this work are 

included in Appendix D, Cross Section Information, along with energy cutoffs 

for the various group structures used in the different phases of this work. 
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4.2.2  SCALE5 Based Cross Sections 
 

 The cross section calculational method based on SCALE data minimizes 

the need to make geometric assumptions or approximations.  The energy group 

structure of the collapse strategy must still be optimized based on flux and 

cross section behavior.  Since the benchmark model has relatively few cells, a 

more finely structured user library was constructed (16 groups).  The final core 

model used for depletion and snapshot studies had more cells, so a nine group 

SCALE based library was used during phase III of these calculations. 

 The method of generating cross section libraries based on SCALE data 

was developed at Transpire, Inc.  The 16 group library used for the benchmark 

problem was created by Todd Wareing at Transpire.  The nine group library 

used in phase three calculations was created by repeating the same process at 

OSU.  To construct a user defined library based on SCALE data, the following 

steps are performed:  

1. Run the NITAWL module (included in the SCALE code 

package).  This module reads the ENDF/B-V library (formatted 

as AMPX master interfaces), performs problem dependant 

resonance shielding calculations and produces a new library (238 

group structure) in the AMPX working interface format. 

2. Run the ampx2dtf routine (included with the Attila software 

package).  This routine converts from the AMPX working 

interface format to the DTF format which can be read by Attila.  

Both a cross section library and an auxiliary file which describes 

the structure of the cross section library are produced. 

3. Obtain a representative two dimensional slice from the three 

dimensional CAD model by cutting a thin slice from the three-

dimensional model which contains all the regions and materials 

of interest.  The ‘two-dimensional’ slice is then meshed by Attila 

using advanced meshing tools.  The advanced tools are set to 
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create a mesh exactly one tetrahedron in height throughout the 

slice.  Other advanced meshing tools can be used to optimize 

distribution of tetrahedra, thus limiting the total number of 

tetrahedra to a manageable number. 

4. Run an Attila calculation with the two-dimensional slice 

(reflecting boundaries above and below) and the 238 group DTF 

working library.  This calculation will have fine resolution in 

energy, but will run in a reasonable amount of time since the 

number of spatial cells is relatively small.  The result of this 

calculation will be flux spectra fully resolved in energy in every 

spatial location. 

5. Use the flux spectra in the regions of interest to collapse the 238 

group library to the desired group structure.  The software 

required to perform the group collapse was given to OSU by 

Transpire.  It is not proprietary, but it is not generally distributed 

to customers since it has not been extensively debugged.   

 

The process described above was used to produce the SCALE based 

libraries used in this study.  Three spectra were used to produce the 16 

group library used in phase one:  a fuel spectrum, a control rod absorber 

spectrum and a water spectrum.  The fuel spectrum was used to collapse 

fuel material cross sections.  The control rod absorber spectrum was used 

to collapse control rod absorber material cross sections.  The water 

spectrum was used to collapse all other materials.  In the sixteen group 

library used in phase III, this concept was expanded to use an additional 

spectrum from the CLICIT region to collapse CLICIT material cross 

sections.  This spectrum would be used in the future to produce collapsed 

cross sections for any sample materials that experimenters would place in 

the CLICIT. 

 



 

 

40

4.2.3  Depletion Cross Sections 
 

 All depletion calculations were performed with the Transpire29 depletion 

library.  Neutron data is based on 187 group LANL neutron data collapsed to 

22 groups.  This library is not perfectly suited to TRIGA applications, due to 

the fact that 1) all cross section data is evaluated at 800Kand 2) there is no 

cross section for hydrogen in ZrH.  The work needed to construct a depletion 

library specifically for use with the OSTR would exceed the scope of this 

thesis.  For depletion studies, ZrH was simulated with a mixture of elemental 

zirconium and hydrogen, but this mixture would not accurately reproduce the 

important thermalizing properties of the ZrH matrix. 

Unit cell depletion studies were done principally to 1) evaluate the 

effect of time step duration and 2) obtain depleted fuel material number 

densities.  The outcome of the time step studies would not significantly 

change if using cross sections at different temperatures.  Number density 

calculations might produce different results if performed using materials at 

different temperatures, but the results produced from the Transpire29 library 

compared well with results from other published studies [Pon 96].  The OSTR 

operates with a fuel temperature of about 350°C (623K) and other material 

temperatures of about 32°C (305K).  In general, higher temperatures result in 

Doppler broadening of resonance absorption peaks and increased resonance 

absorption.  The significance of this effect is not known, but depletion number 

density calculation results agreed well with results generated by Pond and 

Matos [Pon 96].  Their work used ORIGEN and WIMS, and produced very 

similar results for all major isotopes except Pu 239.  The generation rate of 

Pu-239 calculated by Pond and Matos was about twice as high as the 

generation rate calculated by Attila, but the total amount present in a fuel 

element with the greatest depletion after 30 years is only 0.8 grams (0.4 grams 

by Attila), or less than 0.8% of the fissile inventory of a fuel element. 

 



 

 

41

4.3  Core Depletion Calculations 
 

To most accurately model the current state of the OSTR, 

information regarding operating history would have to be incorporated 

into a multi-step depletion modeling approach.  The operating history of 

the OSTR is highly varied.  The OSTR has three normal operating 

configurations, each of which has different corresponding control rod 

heights.  Control rod height also varies with changes in reactor power 

level, xenon inventory changes and experiment reactivity.  Fuel elements 

are also periodically removed from the core to offset decreasing shutdown 

margin.  An accurate depletion calculation must take into account all 

factors which affect flux distribution. 

The fuel currently in the reactor core was loaded in 1976.  With 

core configuration changes as frequently as daily and nearly continuous 

control rod elevation changes, it would take thousands of “state” snapshots 

to accurately capture core history.  At least one Attila eigenvalue 

calculation would be required to characterize each state point, and each 

calculation takes several days, so the total duration of a high accuracy 

depletion calculation would be on the order of years. 

Fortunately, a good approximation of the current core state can be 

obtained without individual representation of every intermediate state 

point.  Reactor operating records are retained for the life of the facility, so 

the percentage of time spent in each configuration can be determined. The 

depletion calculation can then be performed as a short series of long steps 

rather than a long series of short steps, as long as the percentage of time 

spent in each configuration remains in proportion.  This would introduce 

some discrepancy in the model, but the amount of inaccuracy will be 

inversely proportional to the duration of the calculation.  

In order to quantitatively determine the effect of time step 

coarseness, three unit cell depletion calculations were performed with 

varying time step length.  The first study divided thirty years of operation 
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into three time steps, with the length of each step proportional to the 

percentage of total core lifetime spent in each of the three standard 

configurations (Normal, ICIT and CLICIT).  The second study divided the 

thirty year lifetime into ten steps and the third study divided the lifetime 

into thirty steps.  The unit cell was sufficiently detailed to include a 

control rod which operated at differing heights, and an experiment 

location which was changed to reflect the different B-1 experiment 

contents for each configuration.    Each study also included an initial ten 

day step for xenon equilibration and a final 0.001 day step to allow flux 

calculation at end of life in both ICIT and CLICIT configurations.  Unit 

cell power was scaled to represent average OSTR core power.  As stated 

above, increasing the length of the depletion step increases the inaccuracy 

of the full core multi-step depletion calculation but decreases the duration 

of the calculation.  The results of the unit cell depletion studies indicate 

that given the relatively low depletion of the OSTR fuel, the full core 

calculations should include the largest time steps possible in order to 

minimize calculation run time.  The differences in depleted material 

number densities at the end of life (after 30 years) in the unit cells were 

less than 0.1%, regardless of time step coarseness.  The details and results 

of the comparative unit cell depletion calculations are shown in Chapter 5. 

Limitations in Attila depletion options make it impossible to 

implement an accurate full core multi-step depletion calculation.  At 

several points during OSTR history, numerous fuel elements were shuffled 

to new locations in the core.  Also, whenever the core is changed from a 

Normal configuration to an ICIT/CLICIT configuration, a fuel element is 

moved from the B-1 position to a G-ring position.  Attila depletion options 

can account for new materials replacing existing materials at a specific 

depletion step, but they cannot be used to replace existing materials with 

depleted materials from an earlier step (i.e. it is not possible to swap 

partially depleted materials from one region to another).  Only materials 

with composition known at the outset of the depletion calculation can be 
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inserted in subsequent time steps.  Due to these limitations, a full core 

depletion calculation was not performed. 

A more straightforward approach to obtaining a model of the 

current core state involves utilization of individual fuel element power 

history.  A database of element power history is maintained by OSTR 

staff, and the fuel elements can be grouped into three distinct categories 

according to their cumulative MW-hr exposure.  Fuel elements with the 

highest power history and thus the greatest amount of burnup tend to be 

located near the center of the core, but due to fuel shuffles, a few high 

burnup elements are located in outer regions of the core.  Isotopic 

composition of a representative fuel element for each of the three groups 

was calculated using Attila unit cell depletion calculations.   

Once representative fuel compositions were determined, the 

current core state was modeled by loading the core model with the 

appropriate types of fuel.  A single calculation ‘snapshot’ was then 

performed to obtain keff and flux moments for each core configuration.  

Snapshots for the ICIT, CLICIT and NORMAL core configuration were 

calculated and compared with measured core parameters.  Ongoing safety 

analysis of new experiment facilities was performed using the same 

technique, and representative results are included in Chapter 5. 

 

4.4  Comparison of Calculated and Measured Parameters 
 

 Numerous measurements of flux distribution in the OSTR have 

been made.  The most recent comprehensive study was part of an OSU 

master’s thesis completed in 2005 [Ash 05].  This study measured the 

neutron flux spectrum using various types of activation foils, and used the 

measured fluxes to correct the flux spectrum predicted by MCNP 

simulation.  This method produced continuous flux spectra at various 

locations in the reactor (primarily experiment locations). 



 

 

44

 Although the flux predicted by Attila is discrete rather than 

continuous in energy, it is not difficult to compute averages and compare 

predicted values to the measured values.  The results of these comparisons 

are presented in chapter 5.  Another easy comparison to make is predicted 

vs. measured critical rod height.  Using rod heights obtained while at full 

power near the end of an operating week (i.e. xenon and samarium 

present), an Attila snapshot calculation was performed, and the resultant 

keff was compared with the measured critical value.  Results of several 

reactivity calculations and measurements are presented in Chapter 5. 
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5.  Results 
 

  

The result of phase I work is the validation of the use of Attila for TRIGA 

modeling by comparison of Attila results with results from MCNP, a code 

widely used throughout industry and academia.  Despite different methods and 

different cross section source data, both codes produce similar results.  Flux 

distributions in a variety of core structures and materials included in the 

benchmark reactor are shown in section 5.1.  A summary of k-eigenvalue 

results is also shown in section 5.1 

 The results of phase II work indicate that the duration of depletion time 

steps have no significant impact on accuracy of calculated fluxes and number 

densities for reactor components with exposure histories representative of 

OSTR lifetime operation histories.  This means that step length in full core 

depletion studies, if performed, could be as long as required to reflect 

operating history.  There is no need to subdivide time steps between core 

reconfigurations in order to maintain accuracy of calculated fluxes.  Flux 

distributions and number density distributions calculated in several different 

configurations are shown in section 5.2.   

 In phase III, full core snapshot calculations are made and compared with 

fluxes measured at various locations in the OSTR.  Core snapshots are 

established using conditions as close as reasonably possible to conditions that 

existed in the core when flux measurements were made.  In addition to flux, 

the reactivity worth of a control rod is calculated and compared with measured 

values.  Critical rod height is also predicted.  The results of these comparisons 

are shown in section 5.3.  

 

5.1  Phase I, Benchmark Reactor Problem Results 
 

 Two configurations of the benchmark core were analyzed with Attila and 

MCNP.  The first configuration represents the benchmark reactor with all 
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control rods inserted.  The second configuration represents the reactor with 

control rods partially withdrawn.  Each configuration was analyzed with 

MCNP, Attila with a WIMS based library (7 group) and Attila with a SCALE 

based library (16 group).  Control rod heights for the partially withdrawn 

configuration are listed in Appendix B, Benchmark Model Specifications.  A 

summary of these results previously appeared in [Kel 05]. 

MCNP criticality calculations were performed with 350 cycles (300 active 

cycles) of 5000 neutrons each.  This number of particles produced acceptable 

levels of relative error in the flux tallies and similar run times for MCNP and 

Attila.  Energy splitting was used for variance reduction.  The predicted values 

of k-effective for each analysis are shown in Table 5.1. 

 

Table 5.1:  Benchmark Reactor k-effective 

Configuration MCNP Attila/WIMS Attila/SCALE 
All Rods inserted 1.038 1.065 1.045 
Rods Withdrawn 1.089 1.116 1.096 

 

 The above results indicate that the Attila/SCALE representation produces 

results closer to MCNP than the Attila/WIMS representation.  In order to 

determine worst case flux divergence, MCNP flux distribution is compared 

with Attila/WIMS flux distribution.  Since material properties vary widely in 

the benchmark problem, flux distributions are compared in seven different 

components:  the ICIT (experiment position), the center thimble, an AFCR, a 

FFCR, a fuel element, a graphite reflector element and a water filled lattice 

position.  The deviation of the average flux in a component calculated by 

Attila/WIMS and MCNP is between -9.7% and +2.8% with the average value 

the deviation in all measured components being -2.4%.  Calculated flux values 

were normalized to 1.0 MWt operating reactor power.  Average fluxes are 

shown in Table 5.2.  Flux values shown in Table 5.2, as well as flux values 

shown in Figures 5.1 through 5.8 were generated by running Attila on the 

benchmark core with WIMS based cross sections. 

 



 

 

47

 

 

Table 5.2:  Benchmark Reactor Component Average Total Flux 

Component MCNP Average Flux 
(n/sec-cm^2) 

Attila Average Flux 
(n/sec-cm^2) 

ICIT 2.42E13 +/- 2.9% 2.47E13 +/- 0.5% 
Center Thimble 2.32E13 +/- 3.0% 2.11E13 +/- 0.5% 

AFCR 2.43E13 +/- 4.7% 2.50E13 +/- 0.5% 
FFCR 1.31E13 +/- 5.0% 1.31E13 +/- 0.5% 
Fuel 2.08E13 +/- 5.5% 1.88E13 +/- 0.5% 

Reflector 6.12E12 +/- 7.9% 6.00E12 +/- 0.5% 
Water 3.10E12 +/- 9.8% 3.06E12 +/- 0.5% 

 

 The above calculated fluxes are total fluxes, i.e. the flux at all neutron 

energies.  Average flux is calculated automatically by MCNP within pre-

specified tally regions.  Tallies were set up for 1 cm. thick slices within the 

components of interest.  Average flux can be determined by Attila through the 

use of post-processing edits.  For this work average Attila fluxes (for a specific 

elevation within a cylindrical core component) are calculated as follows.  First, 

the global flux is determined by Attila in the manner described in Chapter 3.  

Post-processing edits are then performed to determine flux (at the elevation of 

interest) at the center of the component ( 1φ ), and at four positions equally 

spaced near the periphery of the component ( 5432 ,,, φφφφ ).  A simple 

trapezoidal rule average is then calculated using the formula: 

8/)4( 54321 φφφφφφ ++++=avg                             (5.1) 

The actual flux within a component will vary in a non-linear manner from edge 

to center, but the trapezoidal rule average will produce an average flux which 

approximates the true average flux.  Deviation of the true average flux from 

the calculated average flux could be determined by performing Attila edits 

with finer spatial resolution and performing higher order spatial averaging.  

Flux distributions in the components listed in Table 5.2 are shown in Figures 

5.1 through 5.7. 
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Figure 5.1:  ICIT Total Flux Distribution 
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Figure 5.2:  Center Thimble Total Flux Distribution 
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Figure 5.3:  AFCR Total Flux Distribution 
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Figure 5.4:  FFCR Total Flux Distribution 
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Figure 5.5:  Fuel Element Total Flux Distribution 
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Figure 5.6:  Reflector Element Total Flux Distribution 
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Figure 5.7:  Vacancy (Water) Total Flux Distribution 

 

 Flux as a function of energy was also calculated by Attila and MCNP.  

Average Attila fluxes were calculated in the same manner as described above.  

Thermal, epithermal and fast flux distributions calculated by Attila and MCNP 

for the ICIT are shown in Figure 5.8.  Attila calculates flux for all energy 

groups, but group fluxes were consolidated into the thermal, epithermal and 

fast group distributions through the use of post-processing edits. 
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Figure 5.8:  ICIT Thermal, Epithermal and Fast Flux Distribution 

 

As indicated by Table 5.2 and the above graphs of flux distribution, there 

is a good agreement between fluxes calculated by MCNP and Attila, even 

when using the least accurate (WIMS based) cross section data.  The statistical 

nature of the MCNP solution is most obvious in Figure 5.7, where random 

variations are clearly visible.  The neutron population is an order of magnitude 

less in the peripheral water hole than near the core center, and hence statistical 

fluctuations are more apparent. 

An artifact of the Attila solution method can be seen in Figure 5.3.  

Meshes for core components were constructed in such a manner that all nodes 

lie at certain specific elevations (see Figure 4.3:  Sample Meshes).  Due to the 

solution method, the flux distribution within all tetrahedra varies linearly.  

These two conditions result in causing the average Attila solution to also be 

distributed in a linear manner between node elevations in the core components.  

This effect is most apparent in Figure 5.3, but can be seen to some extent in all 

the Attila flux distribution plots. 
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5.2  Phase II, Unit Cell Depletion Calculation Results 

 
Multi-step depletion calculations were performed on a unit cell containing 

structures sufficiently detailed to simulate a portion of the core containing fuel, a 

control rod and the experiment position.  The unit cell is shown in Figures 5.9 and 

5.10.  Dimensions of unit cell structures are similar to what is found in the OSTR 

core. 
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Figure 5.9: Depletion Unit Cell (top view) 
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Figure 5.10:  Depletion Unit Cell (side view) 
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 The unit cell contains 3.625 to 3.875 fuel elements (depending on 

cell configuration and the height of the control rod).  The nominal TRIGA 

core contains 80 fuel elements, so the unit cell power was set to N/80 MW 

where N is the effective number of fuel elements in the unit cell.  The 

current core has been operating for 30 years at an average of about 700 

full power hours per year or 21,000/24 = 875 full power days.  Depletion 

cell studies were performed for a total of 2100 days in order to evaluate 

the effects of foreseeable future core depletion.  Operating records indicate 

that approximately 40% of core history was spent in the CLICIT 

configuration, 10% in the ICIT configuration and 50% in the normal 

configuration (almost all of which occurred in the first half of core 

lifetime).   

In the CLICIT configuration, the experiment holder was set to 

contain a Cd/Al/Air mix and the control rod height was set to correspond 

to 70% withdrawn.  In the ICIT configuration, the experiment holder was 

set to contain an Al/Air mixture and the control rod was set to 50% 

withdrawn.  In the NORMAL configuration, the experiment holder was set 

to mimic a fuel element and the control rod was set to 50% withdrawn.  

Since the total amount of fuel in the unit cell varied with configuration, 

time steps in the different configurations were set to run at the 

corresponding power.  Depletion step parameters are shown in Table 5.3. 

 

Table 5.3:  Unit Cell Depletion Step Parameters 

Three Step Depletion Study (coarse step) 

Step Duration (Days) Configuration Power (MW) 

10 (Xe equilibration) NORMAL 3.875/80 = 0.0484375 

1040 NORMAL 0.0484375 

840 CLICIT 3.65/80 = 0.045625 

210 ICIT 3.625/80 = 0.0453125 

0 CLICIT 0.045625 

Total days = 1050(N)+840(C)+210(I) = 2100 
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 Table 5.3 (continued):  Unit Cell Depletion Step Parameters  

Ten Step Depletion Study (medium step) 

Step Duration (Days) Configuration Power (MW) 

10 (Xe equilibration) NORMAL 3.875/80 = 0.0484375 

208 NORMAL 0.0484375 

208 NORMAL 0.0484375 

208 NORMAL 0.0484375 

208 NORMAL 0.0484375 

208 NORMAL 0.0484375 

280 CLICIT 3.65/80 = 0.045625 

105 ICIT 3.625/80 = 0.0453125 

280 CLICIT 0.045625 

105 ICIT 0.0453125 

280 CLICIT 0.045625 

0 ICIT 0.0453125 

Total days = 1050(N)+840(C)+210(I) = 2100 

 

Thirty Step Depletion Study (fine step) 

Step Duration (Days) Configuration Power (MW) 

10 (Xe equilibration) NORMAL 3.875/80 = 0.0484375 

69 NORMAL 0.0484375 

69 NORMAL 0.0484375 

69 NORMAL 0.0484375 

69 NORMAL 0.0484375 

69 NORMAL 0.0484375 

69 NORMAL 0.0484375 

69 NORMAL 0.0484375 

69 NORMAL 0.0484375 

69 NORMAL 0.0484375 
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Table 5.3 (continued):  Unit Cell Depletion Step Parameters 
69 NORMAL 0.0484375 

70 NORMAL 0.0484375 

70 NORMAL 0.0484375 

70 NORMAL 0.0484375 

70 NORMAL 0.0484375 

70 NORMAL 0.0484375 

105 CLICIT 3.65/80 = 0.045625 

30 ICIT 3.625/80 = 0.0453125 

105 CLICIT 0.045625 

30 ICIT 0.0453125 

105 CLICIT 0.045625 

30 ICIT 0.0453125 

105 CLICIT 0.045625 

30 ICIT 0.0453125 

105 CLICIT 0.045625 

30 ICIT 0.0453125 

105 CLICIT 0.045625 

30 ICIT 0.0453125 

105 CLICIT 0.045625 

30 ICIT 0.0453125 

105 CLICIT 0.045625 

0 ICIT 0.0453125 

Total days = 1050(N)+840(C)+210(I) = 2100 

 

Despite the broad range of time step duration, the depleted number 

density of U-235 and U-238 was in good agreement at the end of the 2100 

day evaluation period, regardless of time step duration.  The greatest 

difference in calculated U-235 depletion was observed at an elevation of 

13.9 cm. (the bottom of the fuel is referenced to 0.0 cm.).   This was also 

the elevation of maximum depletion.  Using coarse steps, the U-235 was 
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depleted by 18.46 percent of the original material.  Using fine steps, the U-

235 was depleted 19.49 percent.  The initial enrichment of U-238 is less 

than that of U-235 (since FLIP fuel is initially 70% enriched) and U-238 is 

consumed more slowly than U-235 due to smaller interaction cross 

sections.  As a result, the U-238 consumption rate is significantly less than 

the U-235 consumption rate.  The greatest difference in calculated U-238 

number density, as well as the maximum depletion was observed at the 

same elevation as the maximum depletion of U-235.  By fine step 

calculation, the U-238 was depleted 1.17 percent at this elevation while by 

coarse step calculation, it was depleted by 1.19 percent. Fuel depletion 

over the entire fuel bearing region of a fuel element is shown in Figures 

5.11 and 5.12.   
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Figure 5.11: U-235 Depletion in the Unit Cell 
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Figure 5.12: U-238 Depletion in the Unit Cell 

 

Flux distributions in various components of the unit cell were 

calculated at the end of the 2100 day evaluation period. The unit cell 

materials were depleted as above in coarse, medium and fine steps.  Flux 

distribution was determined in three different materials (inside the central 

fuel element, inside the experiment location when configured as the ICIT 

and inside the experiment location when configured as the CLICIT).  

Although the Transpire 29 library has 22 neutron energy groups, the 

results of the calculation were collapsed to three energy groups for 

comparison (thermal (<0.0625 eV), epithermal (>0.0625 eV, <19.3KeV) 

and fast (>19.3KeV)).  Note that different energy cutoffs for 

thermal/epithermal/fast are used in phase III studies for ease of 

comparison with previously published data.  Agreement between flux 

distributions in all materials and at all energies was very good, as can be 

seen in Figures 5.13 through 5.22.  In Figures 5.13 through 5.22, an 

elevation of 0.0 cm corresponds to the bottom of the fueled region in the 

fuel elements.  
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 Figure 5.13: Fast Flux in the Central Fuel Element 
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Figure 5.14: Epithermal Flux in the Central Fuel Element 
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Figure 5.15: Thermal Flux in the Central Fuel Element 
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Figure 5.16: Fast Flux in the ICIT Location 

 



 

 

61

-40.0

-20.0

0.0

20.0

40.0

60.0

80.0

0.0E+00 2.0E+12 4.0E+12 6.0E+12 8.0E+12 1.0E+13

Flux (#/sec-cm^2)

El
ev

at
io

n 
(c

m
)

Coarse Step
Medium Step
Fine Step

 
Figure 5.17: Epithermal Flux in the ICIT Location 
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Figure 5.18: Thermal Flux in the ICIT Location 
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Figure 5.19: Fast Flux in the CLICIT Location 

-40.0

-20.0

0.0

20.0

40.0

60.0

80.0

0.0E+00 2.0E+12 4.0E+12 6.0E+12 8.0E+12 1.0E+13

Flux (#/sec-cm^2)

El
ev

at
io

n 
(c

m
)

Coarse Step
Medium Step
Fine Step

 
Figure 5.20: Epithermal Flux in the CLICIT Location 
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Figure 5.21: Thermal Flux in the CLICIT Location 

 

The maximum deviation between flux distributions calculated with 

coarse, medium and fine depletion time steps was observed in the ICIT 

location in the thermal energy range.  The maximum deviation was -0.44 

percent as measured between the results of the coarse time step calculation 

and the average of the coarse, medium and fine time step calculations.  A 

graph of deviation between calculated and average flux in the ICIT in the 

thermal range is shown in Figure 5.22.  The best agreement between 

calculated flux and average calculated flux was observed in the fuel in the 

fast energy range.  The maximum deviation there was -0.1% as measured 

between the results of the coarse time step calculation and the average of 

the coarse, medium and fine step calculations. 
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Figure 5.22: Deviation of Calculated Thermal Fluxes From  

Average Calculated Thermal Flux in the ICIT Location  

 

5.3  Phase III, Full Core Calculation Results 

 
Two approaches were considered to simulate the current condition of 

the OSTR core.  The first approach was to perform a multi-step full core 

depletion calculation using as much historical data as possible.  The 

second approach was to use fuel element power histories to load the core 

with appropriately depleted fuel elements, thus mimicking the current core 

state (i.e. radial zoning).  Both approaches have advantages and 

drawbacks. 

Due to inherent limitations in Attila depletion capabilities, it is not 

possible to exactly represent every core change as a depletion time step.  

Only materials whose composition is known at the beginning of the 

calculation can be used in subsequent time steps.  Thus if a fuel element is 

moved from position B1 to position G7 at time step 10, only a fresh fuel 

element can be inserted in G7 and the previously depleted configuration of 

the B-1 fuel element is lost.  Even if components could be swapped 
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without loss of data, the sheer number of configuration changes would 

make a fully representational calculation extremely lengthy to complete.  

Core history should thus be approximated as a small number of long time 

steps, and loss of information due to component movements would be 

accepted.  Further inaccuracy is introduced due to the fact that the 

depletion library temperature is 800K while core temperature is about 

620K for the fuel and 300K for the rest of the materials.  The depletion 

library also lacks specific information for hydrogen in a ZrH matrix, so 

normal elemental hydrogen data would have to be used.  As discussed in 

Chapter 2, ZrH lattice effects are very important to neutron behavior in a 

TRIGA reactor. 

Although the full core depletion approach introduces a number of 

inaccuracies, it has some advantages over the alternate ‘snapshot’ method, 

the principal advantage being full three dimensional depletion zoning 

(every tetrahedra may have its own unique number density).  The snapshot 

approach allows radial zoning but no axial zoning without significant 

additional modeling effort.  Since core age is relatively low, the total 

power history of all in-core fuel elements is relatively low, and as a result, 

all fuel elements could be grouped into three depletion categories.  Radial 

zoning was performed using these three fuel categories, although accuracy 

could have been improved by using more than three categories (the 

improvement would probably be insignificant compared to the effort 

required).  Axial and radial ‘zoning’ is performed automatically during 

depletion calculations - where flux is highest, depletion is highest.  Attila 

calculates reaction rates and adjusts material number densities in every 

tetrahedron during depletion calculations. 

The main advantages of the snapshot approach are that it is relatively 

easy to set up the calculation, and only one eigenvalue calculation is 

performed, rather than the two per time step required for a depletion 

calculation.  Full core snapshot calculations each take several days to 

complete. 



 

 

66

Due to the limitations discussed above, a full core multi-step 

depletion calculation was not performed.  Time step information suitable 

for use in a full core depletion calculation is located in Appendix E, Full 

Core Depletion Calculation Input Parameters – Historical Data.  Zoning 

and fuel composition information used to create current core snapshots is 

located in appendix F, OSTR Core Zoning and Fuel Composition for Full 

Core Snapshot Calculations.  To evaluate the accuracy of full core 

modeling, calculated results were compared with measured values of 

fluxes (Φ(E) and Φ(r)), critical control rod heights, the reactivity worth of 

a selected control rod, the reactivity worth of the ICIT and the reactivity 

worth of the new G-ring ICIT. 

 

5.3.1  Calculated vs. Measured Neutron Flux 

 
In 2005, flux spectra were obtained in the ICIT, the CLICIT, the Lazy 

Susan and the pneumatic rabbit facilities [Ash 05].  Attila was used to 

calculate fluxes in nine energy groups while STAY’SL/MCNP calculated 

a flux spectrum using 100 energy bins.  To facilitate comparison of results, 

STAY’SL/MCNP results were collapsed to the nine group energy 

structure used by Attila by calculating energy weighted averages.  The 

total flux predicted by Attila was two to six percent higher than the total 

measured flux in each location.  Predicted and measured flux (summarized 

by fast, epithermal and thermal energies) is shown in table 5.4.  When 

measuring the neutron spectra, some effort was made to account for 

neutron self shielding, although the correction factor was based solely 

upon the assumption of a mono-directional neutron beam, so this could 

account for some of the discrepancy.  The neutron flux spectrum in each 

facility is shown in Figures 5.23 – 5.26.  All Figures except Figure 5.26 

show reasonably good agreement between predicted and measured flux in 

all nine energy groups.  In Figure 5.26, which shows the flux spectrum in 
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the CLICIT, a large deviation between the predicted flux and the measured 

flux can be seen.  An additional spectrum (that of the 238 group flux 

distribution generated in the two-dimensional slice model in the CLICIT) 

is shown for comparison.  The discrepancies between measured and 

predicted fluxes are discussed in detail in section 6. 

 

Table 5.4:  Measured and Predicted Flux in the ICIT, CLICIT, 

Lazy Susan and pneumatic rabbit facilities 

Facility Energy Group 

Measured 

(STAY’SL/ 

MCNP 

Predicted 

(Attila) 

Percent 

Deviation

Fast 1.00E13 9.75E12 -3 

Epithermal 2.80E13 2.63E13 -6 

Thermal 9.00E12 1.21E13 +34 
ICIT 

Total 4.70E13 4.82E13 +2 

Fast 8.80E12 8.45E12 -4 

Epithermal 2.20E13 2.39E13 +9 

Thermal 3.10E11 1.34E11 -57 
CLICIT 

Total 3.11E13 3.25E13 +4 

Fast 1.90E12 1.76E12 -7 

Epithermal 6.40E12 6.30E12 -2 

Thermal 9.60E12 1.04E13 +8 
Rabbit 

Total 1.79E13 1.85E13 +3 

Fast 4.40E11 3.53E11 -20 

Epithermal 1.80E12 1.54E12 -14 

Thermal 3.00E12 3.65E12 +22 

Lazy 

Susan 

Total 5.24E12 5.55E12 +6 
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Figure 5.23:  Neutron Spectrum in the ICIT Facility 
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Figure 5.24:  Neutron Spectrum in the Lazy Susan Facility 
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Figure 5.25:  Neutron Spectrum in the pneumatic rabbit Facility 
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Figure 5.26:   Neutron Spectrum in the CLICIT Facility 
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 A new irradiation facility, the G-Ring ICIT (GRICIT) was added 

to the OSTR in 2006.  This facility was not characterized during the 

STAY’SL/MCNP measurements, but the thermal flux distribution versus 

elevation has been measured.  The average thermal flux in the GRICIT is 

9.16E12 neutrons/sec-cm2.  The average thermal flux predicted by Attila is 

1.09E13 neutrons/sec-cm2.  The self shielding factor of the flux 

measurement wires is known to be 17%, as calculated per the ASTM 

Standard E262-97.  Adjusting the measured value to account for 17% self 

shielding gives an average measured flux of 1.07E13 neutrons/sec-cm2.  

The thermal flux distribution in the GRICIT is shown in Figure 5.27.   
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5.27:  GRICIT Thermal Flux distribution 

 



 

 

71

5.3.2  Calculated vs. Measured Reactivity Parameters 

 
The reactivity worth of a component can be estimated by 

calculating the core multiplication factor with the component present, and 

then re-calculating the multiplication factor with the component absent.  

The reactivity worth of a core manipulation can be determined in a similar 

manner (e.g. the total reactivity worth of a control rod can be determined 

by calculating keff with the control rod fully inserted and then with the 

control rod fully withdrawn).   To physically measure reactivity changes in 

the core, a similar procedure can be used.  The OSTR control rods are 

calibrated periodically.  To measure the reactivity worth of a component, 

criticality is established with the component in place.  The reactor is then 

shut down and the component removed.  The reactor is then returned to 

criticality.  The difference in control rod height with the component 

present and with the component removed corresponds to reactivity worth 

of the component.  The worth of a control rod can also be measured in a 

similar manner, assuming the worth of the other three control rods is 

known. 

Due to operational limitations, most reactivity measurements can 

only be made with the reactor at low power.  The reactivity worth of the 

ICIT could not be measured at full power since the reactor is not allowed 

to be operated with a core vacancy above 1 kilowatt.  The reactivity worth 

of a component depends on its material composition, and also the neutron 

spectrum to which it is exposed.  During the course of this work, the only 

cross section library available was one which contained fuel materials at 

350°C.  As explained previously, the characteristics of zirconium hydride 

fuel (and hence the neutron spectrum in the core) change significantly 

with a change in temperature.  As a result, the reactivity worths calculated 

with Attila were not in good agreement with measured reactivity values, as 

can be seen in Table 5.5.  Another possible contributor to the observed 

inaccuracy is the fact that the simulated fuel rods had uniform axial 
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properties whereas the actual fuel rods experience high temperature near 

the core midplane and low temperature at the upper and lower ends.  Fuel 

material number density is also non-uniform.  

 

Table 5.5:  Predicted and measured reactivity worth 

Component Predicted Worth Measured Worth 

Transient Control Rod $2.69 $4.08 

GRICIT -$0.08 -$0.10 

ICIT -$0.24 -$0.38 

 

Control rods heights in a critical core can also be predicted and 

measured.  Critical rod height changes over core life due to long term 

changes such as depletion of fuel and burnable poisons, and short term 

changes such as experiment loading and xenon production.  Xenon is 

produced as a byproduct of fission and is removed by radioactive decay 

and also by (n,γ) burnout.  Xenon-135 has a very high thermal absorption 

cross section (2.6E6 barns), so the presence of small amounts of xenon-

135 will have a large effect on reactor state.  In a small reactor like the 

OSTR, equilibrium xenon can account for several dollars of negative 

reactivity [Dud 76].  Post shutdown xenon peak reactivity (eight to ten 

hours after shutdown) can be as high as two or three times the equilibrium 

xenon level.  Due to the typical operating schedule of the OSTR, 

equilibrium xenon conditions are never attained, but by the end of an 

operating day at the end of a five day operating week, xenon levels in the 

core will be approximately three quarters of equilibrium xenon.  There 

will also be near-equilibrium levels of samarium, the other fission product 

poison having a significant impact on reactivity. 

Critical rod heights in a CLICIT core in 2005 were in the vicinity 

of 53% on the transient rod and 75% on the other three rods.  In an ICIT or 

Normal core, the critical rod heights were 50% on the transient rod and 

55% on the other three rods.  To compare the measured and predicted 
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critical state in the Normal core configuration, the following procedure 

was used.  First, critical rod heights were obtained from operating logs.  

Then, using the control rod calibration curves, the reactivity state of the 

core with all rods at 50% was calculated.  Finally, an Attila calculation 

was run with all rods at 50% with 100% equilibrium Samarium and 75% 

equilibrium Xenon present in the model.  A similar method was used to 

predict the near-critical state in the ICIT and CLICIT cores.  Measured 

and predicted values of keff are given in Table 5.6. 

 

Table 5.6:  Near-Critical core state in the ICIT, CLICIT and Normal cores 

Core Configuration Estimated keff Predicted keff (Δρ) 

Normal Core 

(all rods at 50%) 
0.9962 0.9972 (+$0.15) 

ICIT Core 

(all rods at 50%) 
0.9965 0.9958 (-$0.11) 

CLICIT Core 

(transient rod = 50% 

all other rods = 70%)  

0.9969 0.9932 (-$0.57) 

 

 

5.3.3  Additional Results 

 
In addition to flux and reactivity, the power distribution within a 

reactor is an important aspect of safety analysis.  The rate of power 

generation at any location is determined by the flux and the materials 

present at that location.  Although not all energy is deposited at the point 

of fission, a good approximation of power density can be obtained by 

calculating the fission rate, and then integrating the fission rate over the 

area of interest.  Thus the power generated in a single fuel element is 

proportional to dVdEErErrN ffuel∫ Σ ),(),()( vvv ϕ .  Attila is fully capable of 
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generating reports based on reaction rates throughout the reactor or any 

specified sub-region.  Reactor power can be normalized by calculating the 

total fission rate in the entire reactor, and then normalizing to a rate 

equivalent to one megawatt (for full power fluxes and power densities). 

As an example of this type of work, power per fuel element was 

determined for all fuel elements in the vicinity of the ICIT and CLICIT 

with the ICIT/CLICIT dry (air filled) and wet (water filled).  Reactor 

operation above 1.0 kilowatts is prohibited with a ‘water hole’ in the 

interior of the core because a water hole in the inner regions of the core 

results in local thermal flux peaking which can cause excessively high 

power in fuel elements adjacent to the water hole.  Previous safety 

analyses have shown that for the type of fuel in the OSTR, the reactor may 

be safely operated with power densities up to 28 kilowatts per fuel 

element.  Although actual power per element cannot be measured in the 

OSTR, predicted power per element is well below the 28 kilowatt limit, as 

shown in Table 5.7.  The percent power change (due to flooding the 

facility) is shown in the table below the power per element with a flooded 

facility. 
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Table 5.7:  Power per fuel element (KW) in assemblies 

near the ICIT and CLICIT under wet and dry conditions 

Core Configuration 

Position 

Normal ICIT 
-dry- 

ICIT 
-flooded- 

(% change) 

CLICIT 
-dry- 

CLICIT 
-flooded- 

(% change) 
B1 15.50 N/A N/A N/A N/A 

B2 16.48 16.51 17.72 
(+7.3%) 13.88 13.68 

(-1.4%) 
B3 16.67 16.36 16.60 

(+1.5%) 15.79 15.67 
(-0.8%) 

B5 15.01 14.59 14.81 
(+1.5%) 14.31 14.07 

(-1.7%) 
B6 14.34 14.49 15.48 

(+6.8%) 12.21 11.82 
(-3.2%) 

C1 11.06 14.41 15.30 
(+6.2%) 12.37 11.93 

(-3.6%) 
C2 10.98 15.62 15.82 

(+1.3%) 14.91 14.63 
(-1.9%) 

C11 12.56 12.07 12.15 
(+0.7%) 11.65 11.14 

(-4.4%) 
C12 13.95 13.78 14.58 

(+5.8%) 11.48 10.92 
(-4.9%) 

D17 11.31 10.56 10.51 
(-0.5%) 10.43 10.01 

(-4.0%) 
D18 9.53 10.95 10.91 

(-0.4%) 11.05 10.63 
(-3.8%) 
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6.  Discussion 
 

6.1 Neutron Flux Spectra and Spatial Distribution 

 
 Reactor simulations performed with the Attila software produced results 

that are in good agreement with expected reactor behavior.  A typical thermal 

flux distribution is shown in Figure 6.1.  Thermal flux is depressed in strong 

absorbers such as the fuel, the control rod absorber and the CLICIT.  Thermal 

flux is higher in water filled fuel interstices and has the expected peak in 

water/graphite reflector regions adjacent to the fuel.  The annular mesh shown 

in Figures 6.1 and 6.2 is the Lazy Susan ring, and is included for reference. 

 

 
Figure 6.1:  Radial thermal flux distribution in the CLICIT core 

at 5 cm above the fuel midplane 
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Fast flux, as shown in Figure 6.2, peaks in the fuel interior, and has an 

overall Bessel Function distribution (radially) which peaks near the geometric 

center of the fueled region.  Flux distribution is in good agreement with 

predictions made by the industry standard MCNP code, as well as 

measurements made throughout the OSTR core. 

 

 
Figure 6.2:  Radial fast flux distribution in the CLICIT core 

at 5 cm above the fuel midplane 

 

 Agreement between predicted and measured neutron spectra at various 

locations in the core is also good.  When examined on a per-group basis, fairly 

large deviations between predicted and measured spectra can be found, but the 

predicted flux distribution averaged over the entire energy range is very good.  

Only one situation, the thermal spectrum in the interior of the CLICIT shows 

an extreme deviation between the measured and the predicted spectrum.  The 
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neutron spectrum inside the CLICIT is shown in Figure 5.26 and is repeated in 

Figure 6.3.  To verify that this deviation is not due to differences in cross 

section information, input data used by MCNP and Attila were examined and 

found to be very similar in the thermal energy range, although there was some 

difference in the resonance behavior and the high energy regions (see Figures 

6.4a and 6.4b).   
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Figure 6.3:  Neutron Spectrum in the CLICIT Facility 
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6.4a:  Cadmium absorption cross section used by Attila/SCALE5 

 

 
6.4b:  Cadmium absorption cross section used by STAY’SL/MCNP 
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The Attila 238 group spectrum was obtained from the two-dimensional 

calculation which was performed to generate the collapse spectra.  This fine 

group spectrum clearly shows the large decrease in flux below 0.5 eV, the 

energy of the large “cadmium cutoff” cross section peak.  This decrease is 

much less pronounced in the coarser 100 group MCNP spectrum, upon which 

the STAY’SL results are based.  This is most likely due to the very strong 

energy self-shielding effect of the cadmium in the CLICIT.  Without 

sufficiently fine resolution, an accurate representation of this spectral 

depression will not be produced by a stochastic code like MCNP without a 

prohibitively large neutron sample population.  Given good input data, a 

deterministic code should accurately predict neutron behavior in any region of 

the core, and the nine group solution can be seen to accurately reflect the 

average of the values calculated in the finely resolved 238 group calculation. 

 

6.2  Accuracy of Flux Eigenvector Calculations 

 
All eigenvalue-eigenvector calculations in this work were performed with 

a convergence criteria of 1E-4.  This means that iterations were continued until 

the maximum change in calculated flux at any position was less than 1E-4, or 

until 
)(
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−

−−
ϕ

ϕϕ  was less than 1E-4, where l  and 1−l  represent the 

iteration index.  This does not mean that the flux calculated in the final 

iteration is within 1E-4 of the fully converged flux.   

Typically, when the calculation is nearing its convergence criteria, the 

calculated spectral radius 
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 is essentially constant, and 

approximately equal to the theoretical spectral radius Tρ  (i.e. the largest 

eigenvalue of the associated calculational matrix).  Under these circumstances, 

successive fluxes are related by ))()(())()(( 112 rrrr ll
T

ll vvvv ϕϕρϕϕ −≅− −−− , and 
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the actual difference between the last iterated flux and the fully converged flux 

is approximately equal to the convergence criteria divided by )1( Tρ− .  During 

most full core three-dimensional calculations, the spectral radius was in the 

vicinity of 0.98 when the convergence criterion was met.  Therefore, the 

relative difference between the final iterated flux and the fully converged flux 

was approximately 1E-4/(1-0.98) = 0.005, or 0.5%.  This is well within any 

measurement accuracy of reactor flux. 

 

6.3  Reactivity Calculations 

 
Calculation of the reactivity worth of various core components was not 

found to be very accurate, but this is because calculations were performed with 

cross section data for materials (fuel) at 350°C while measurements were 

performed with the core isothermal at 30°C.  As previously discussed, the 

properties of the fuel matrix, and hence the neutron spectra are strongly 

influenced by fuel temperature, so it is not surprising that reactivity worth 

calculations performed at incorrect temperatures would give inaccurate results. 

Calculation of near-critical reactivity states turned out to be surprisingly 

accurate given the approximations of the model and the highly varied and 

lengthy core operating history.  The presence of a highly absorbing material 

such as cadmium presents a challenge to any modeling method, so it is not 

surprising that the CLICIT core prediction was less accurate then the ICIT and 

Normal core predictions.  Near critical reactivity is over-predicted in one case 

and under-predicted in the other two, with an average error of -$0.18.  The fact 

that the average error is negative indicates that the true amount of end-of-week 

xenon is slightly less than the 75% of equilibrium xenon value used in the 

calculations.  
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6.4  Depletion Calculations 

 
A full core depletion calculation representative of the OSTR operating 

history would require eleven depletion time steps if modeled using information 

from Appendix E.  This type of depletion calculation requires two eigenvalue 

calculations per time step.  Using the same computer used to perform this 

work, the entire calculation would require approximately three months to run 

to completion.  Although faster machines and parallel processing options are 

becoming available, a full core, multi-step calculation would remain a 

significant undertaking.  Results of phase II studies show that it is not 

necessary to subdivide large time steps for the sake of accuracy, so further 

simplification or merging of time steps may be possible, without significant 

loss of accuracy.  Results of phase III studies indicate that the alternate method 

of snapshot calculations provides acceptable accuracy that is within flux 

measurement uncertainty. 
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7.  Conclusions and Recommendations for Future Work 
 

 Good agreement between predicted OSTR parameters and actual core 

measurements has been achieved with the Attila deterministic radiation 

transport software.  Despite simplifying approximations, global parameters 

(such as reactivity and the effective multiplication factor) as well as local 

parameters (such as neutron flux) can be accurately predicted.  The cases 

where agreement was poor can be attributed to either flawed measurement 

techniques (e.g. assessment of thermal flux based on MCNP calculations in the 

CLICIT) or utilization of inappropriate cross section data (e.g. predictions of 

reactivity worth at 30°C based on cross section data at 350°C).  Total flux 

values predicted by Attila were higher than measured flux values which would 

tend to bias most safety calculations in the conservative direction, although 

predicted fluxes in certain energy ranges (and at certain locations) were lower 

than measured values. 

 Further increases in simulation accuracy could be achieved in several 

ways.  Some of the suggestions are based on difficulties noted during the 

performance of this work.  Other suggestions are based upon more theoretical 

considerations. 

1. Increase spatial resolution in the vicinity of the control rod tips.  

Negative fluxes present in the solution of a calculation indicate 

insufficient resolution in space or angle.  Some tetrahedra in the bottom 

and top one quarter inch of the control rod absorbers were observed to 

have negative fluxes in the thermal energy region. 

2. Create additional libraries to simulate reactor behavior at other than full 

power.  This should help resolve reactivity discrepancies.  This would 

also allow more accurate material property representation within a fuel 

rod by allowing internal zoning (radial and axial).  Power generation 

and thus temperature is certainly not uniform within a TRIGA fuel 

element. 
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3. Refine fuel element meshing to allow axial zoning of both material 

compositions and material properties.  In the OSTR TRIGA fuel, more 

depletion has occurred near the core midplane than at the upper or 

lower ends of the fuel.  Temperature of the fuel is also non-uniform, 

being higher near the midplane and lower at the ends. 

4. Refine fuel element meshing to allow radial zoning of material 

compositions and properties. As in the axial case, fuel composition and 

temperature within a fuel rod are non-uniform. 

5. Re-examine power history records and categorize fuel elements into 

more than three groups (i.e. increase resolution of radial core zoning).  

The return on effort to implement this solution could be minimal since 

the fuel element burnup is relatively low, even in the elements with the 

highest power history. 

6. Optimize cross section library group structure.  A nine group library 

was used instead of a seven group library only because it simplified 

comparison with measured results.  It is likely that a three group library 

could be developed which would provide nearly the same accuracy as 

the nine group library (or perhaps even better) but calculations could be 

completed in one third of the time. 

7. Develop the capability to model reactor behavior during a reactor pulse.  

This would be likely to involve the development of a specialized library 

since pulse kinetics and hence neutron distribution is significantly 

different during a pulse than during normal operation below prompt 

criticality.  

 

Attila software is continually being revised and improved.  New 

capabilities are periodically added and efficiency of algorithms and code 

execution is frequently improved.  This code is well suited for neutronic analysis 

of the OSU TRIGA reactor, and that suitability will only increase with additional 

development. 
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Appendix A – OSTR Model Specifications 
 

 Materials used in the OSTR model are specified as a list of elements or 

isotopes with associated number densities.  To determine compositions, a list 

of “pure” or non-homogenized materials (such as water, stainless steel clad, 

graphite, etc.) was created.  Number densities for the pure materials were 

calculated from material densities and atomic weights in the normal manner.  

Number densities for homogenized materials were then calculated using 

volume weighted contributions of each constituent.  A list of materials used in 

the OSTR is provided in Table A1. 

 

Table A1:  OSTR Model Materials 

Pure Materials 

Material Density (g/cc) Component Atom/b-cm 

U-235 9.17E-4 

U-238 3.87E-4 

Er-166 2.67E-4 

Er-167 7.84E-5 

H 5.60E-2 

Fuel Matrix 6.01 

Zr 3.50E-2 

Hydrogen 6.67E-2 
Water 1.0 

Oxygen 3.33E-2 

Nitrogen 4.093E-5 
Air 0.001205 

Oxygen 9.526E-6 

Nickel 8.209E-3 

Chromium 1.853E-2 Clad 8.0 

Iron 6.038E-2 

Graphite 1.6 Carbon 8.02E-2 

Hydrogen 3.346E-2 “Spacer” 

(50% H20, 50% 

1.85 

Oxygen 1.673E-2 
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Al) Aluminum 3.014E-2 

Zirconium 6.4 Zirconium 4.152E-2 

Aluminum 2.7 Aluminum 6.027E-2 

Lead 11.4 Lead 3.314E-2 

Cadmium 8.65 Cadmium 4.635E-2 

Carbon 2.714E-2 

B-10 2.161E-2 
25 w/o B4C 

in Graphite 
2.49 

B-11 8.697E-2 

Homogenized Materials 

U235 8.29E-4 

U238 3.50E-4 

Er166 2.41E-4 

Er167 7.19E-5 

Zr 3.24E-2 

H 5.07E-2 

Ni 4.38E-4 

Cr 9.88E-4 

FLIP Fuel 

(non-

irradiated) 

6.04 

Fe 3.22E-3 

C 7.38E-2 

Ni 6.52E-4 

Cr 1.47E-3 

Reflector 

Element 
2.11 

Fe 4.79E-3 

Al 3.21E-3 

O 9.02E-6 

ICIT 

And 

Rabbit 

0.15 

N 3.88E-5 

Ni 2.91E-3 

Cr 6.58E-3 

Fe 2.14E-2 

O 6.15E-6 

Transient 

Rod Follower 
2.84 

N 2.64E-5 
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Cd 4.63E-3 

Al 1.93E-2 

O 5.53E-6 
CLICIT 1.73 

N 2.38E-5 

C 7.59E-2 

B-10 4.38E-3 

B-11 1.76E-2 

Ni 1.56E-3 

Cr 3.52E-3 

Transient Rod 

Absorber 
3.53 

Fe 1.15E-2 

C 7.25E-2 

B-10 4.18E-3 

B-11 1.68E-2 

Ni 1.86E-3 

Cr 4.19E-3 

Safe/Shim/Reg 

Absorber 
3.74 

Fe 1.37E-2 

 

 

 Dimensions of OSTR structures were obtained from prints and, where 

possible, direct component measurements.  A list of OSTR Model dimensions 

is provided in Tables A2 and A3.  The coordinates of the 127 fuel lattice 

positions relative to the central location are given in Table A4. 

 

Table A2:  OSTR Model Dimensions (Radii) 

 Outer Diameter 
Component in cm 

Fuel Element   
Upper Spacer 1.4800 3.7592 

Upper Graphite 1.3000 3.3020 
UG Clad 1.4800 3.7592 
Zirc Rod 0.2500 0.6350 

Fuel Meat 1.4300 3.6322 
Fuel Clad 1.4800 3.7592 

Lower Graphite 1.3000 3.3020 
LG Clad 1.4800 3.7592 
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Lower Spacer 1.4800 3.7592 
Reflector Element   

Upper Spacer 1.4800 3.7592 
Graphite 1.4200 3.6068 

Graphite Clad 1.4800 3.7592 
Lower Spacer 1.4800 3.7592 

ICIT   
Tube (air) 1.4400 3.6576 
Clad (Al) 1.4800 3.7592 

Lower Spacer 1.4800 3.7592 
CLICIT   

Tube (Air/Cd) 1.4000 3.5560 
Cd tube 1.4400 3.6576 
Clad (Al) 1.4800 3.7592 

Lower Spacer 1.4800 3.7592 
Rabbit Terminus   

Tube (air) 1.4400 3.6576 
Clad (Al) 1.4800 3.7592 

Lower Spacer 1.4800 3.7592 
Water Hole   

Water 1.4800 3.7592 
Center Thimble   

Thimble 1.4800 3.7592 
Source Holder   
Upper Spacer 1.4800 3.7592 

Holder 1.4800 3.7592 
Lower Spacer 1.4800 3.7592 

FFCR   
Upper Plug 1.3500 3.4290 
Absorber 1.1875 3.0163 

Absorber Clad 1.3500 3.4290 
Mid Plug 1.3500 3.4290 
Fuel Meat 1.3100 3.3274 
Fuel Clad 1.3500 3.4290 

Lower Plug 1.3500 3.4290 
AFCR   

Upper Spacer 1.2500 3.1750 
Absorber 1.1250 2.8575 

Absorber Clad 1.2500 3.1750 
Air 1.0040 2.5502 

Air Clad 1.2500 3.1750 
Gridplates   

Upper 21.0625 53.4988 
Lower 19.5625 49.6888 

Reflector   
LS Tray Inner Wall 23.3750 59.3725 
LS Tray Outer Wall 28.8750 73.3425 
Upper Gr. Annulus 

(inner) 28.8750 73.3425 
Lower Gr. Annulus 

(inner) 20.8750 53.0225 
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U/L Gr Annulus (outer) 39.0000 99.0600 
Lead Annulus (outer) 43.3750 110.1725

Water Universe   
Diameter 60.0000 152.4000

 

Table A3: OSTR Model Dimensions (Elevations/Heights) 

 Height Top Surface Bottom Surface 
Component in cm in cm in cm 

Fuel Element       
Upper Spacer 1.375 3.493 12.275 31.179 10.900 27.686 

Upper Graphite 3.400 8.636 10.900 27.686 7.500 19.050 
UG Clad 3.400 8.636 10.900 27.686 7.500 19.050 
Zirc Rod 15.000 38.100 7.500 19.050 -7.500 -19.050 

Fuel Meat 15.000 38.100 7.500 19.050 -7.500 -19.050 
Fuel Clad 15.000 38.100 7.500 19.050 -7.500 -19.050 

Lower Graphite 3.400 8.636 -7.500 -19.050 -10.900 -27.686 
LG Clad 3.400 8.636 -7.500 -19.050 -10.900 -27.686 

Lower Spacer 2.450 6.223 -10.900 -27.686 -13.350 -33.909 
Reflector Element       

Upper Spacer 1.375 3.493 12.275 31.179 10.900 27.686 
Graphite 21.800 55.372 10.900 27.686 -10.900 -27.686 

Graphite Clad 21.800 55.372 10.900 27.686 -10.900 -27.686 
Lower Spacer 2.450 6.223 -10.900 -27.686 -13.350 -33.909 

ICIT       
Tube (air) 23.175 58.865 12.275 31.179 -10.900 -27.686 
Clad (Al) 23.175 58.865 12.275 31.179 -10.900 -27.686 

Lower Spacer 2.450 6.223 -10.900 -27.686 -13.350 -33.909 
CLICIT       

Tube (Air/Cd) 23.175 58.865 12.275 31.179 -10.900 -27.686 
Cd tube 23.175 58.865 12.275 31.179 -10.900 -27.686 
Clad (Al) 23.175 58.865 12.275 31.179 -10.900 -27.686 

Lower Spacer 2.450 6.223 -10.900 -27.686 -13.350 -33.909 
Rabbit Terminus       

Tube (air) 23.175 58.865 12.275 31.179 -10.900 -27.686 
Clad (Al) 23.175 58.865 12.275 31.179 -10.900 -27.686 

Lower Spacer 2.450 6.223 -10.900 -27.686 -13.350 -33.909 
Water Hole       

Water 25.625 65.088 12.275 31.179 -13.350 -33.909 
Center Thimble       

Thimble 25.625 65.088 12.275 31.179 -13.350 -33.909 
Source Holder       
Upper Spacer 1.375 3.493 12.275 31.179 10.900 27.686 

Holder 21.800 55.372 10.900 27.686 -10.900 -27.686 
Lower Spacer 2.450 6.223 -10.900 -27.686 -13.350 -33.909 
FFCR (full in) (Surfaces vary with rod height)  
Upper Plug varies varies 12.275 31.179 7.500 19.050 
Absorber 15.000 38.100 7.500 19.050 -7.500 -19.050 

Absorber Clad 15.000 38.100 7.500 19.050 -7.500 -19.050 
Mid Plug 0.750 1.905 -7.500 -19.050 -8.250 -20.955 
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Fuel Meat 15.000 38.100 -8.250 -20.955 -13.350 -33.909 
Fuel Clad 15.000 38.100 -8.250 -20.955 -13.350 -33.909 

Lower Plug varies varies N/A N/A N/A N/A 
AFCR (full in) (Surfaces vary with rod height)  
Upper Spacer varies varies 12.275 31.179 7.500 19.050 

Absorber 15.000 38.100 7.500 19.050 -7.500 -19.050 
Absorber Clad 15.000 38.100 7.500 19.050 -7.500 -19.050 

Air varies varies -7.500 -19.050 -13.350 -33.909 
Air Clad varies varies -7.500 -19.050 -13.350 -33.909 

Gridplates       
Upper 0.625 1.588 12.900 32.766 12.275 31.179 
Lower 0.750 1.905 -13.350 -33.909 -14.100 -35.814 

Reflector       
LS Tray Inner Wall 13.000 33.020 17.600 44.704 4.600 11.684 
LS Tray Outer Wall 13.000 33.020 17.600 44.704 4.600 11.684 
Upper Gr. Annulus 

(inner) 7.750 19.685 12.350 31.369 4.600 11.684 
Lower Gr. Annulus 

(inner) 15.500 39.370 4.600 11.684 -10.900 -27.686 
U/L Gr Annulus 

(outer) 23.250 59.055 12.350 31.369 -10.900 -27.686 
Lead Annulus (outer) 23.250 59.055 12.350 31.369 -10.900 -27.686 

Water Universe       
Height 100.000 254.000 50.000 127.000 -50.000 127.000 

FFCR (50%)       
Absorber 12.275  12.275  0.000  
Mid Plug 0.750  0.000  -0.750  

Fuel 12.600  -0.750  -13.350  
AFCR (50%)       

Absorber 12.275  12.250  0.000  
Air 13.350  0.000  -13.350  

 

 Table A4:  OSTR Core Lattice Positions 

Position Hole # X Y 
A1 N 0.000 0.000 

    
B1 6 1.541 0.412 
B2 1 1.129 -1.129 
B3 2 -0.412 -1.541 
B4 6 -1.541 -0.412 
B5 1 -1.129 1.129 
B6 2 0.412 1.541 

    
C1 3 3.142 0.000 
C2 4 2.721 -1.571 
C3 5 1.571 -2.721 
C4 P 0.000 -3.142 
C5 5 -1.571 -2.721 
C6 4 -2.721 -1.571 
C7 3 -3.142 0.000 
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C8 4 -2.721 1.571 
C9 5 -1.571 2.721 
C10 P 0.000 3.142 
C11 5 1.571 2.721 
C12 4 2.721 1.571 

    
D1 R 4.703 0.000 
D2 8 4.419 -1.608 
D3 U 3.603 -3.023 
D4 10 2.352 -4.073 
D5 11 0.875 -4.632 
D6 37 -0.816 -4.450 
D7 10 -2.352 -4.073 
D8 U -3.603 -3.023 
D9 8 -4.419 -1.608 
D10 R -4.703 0.000 
D11 8 -4.419 1.608 
D12 9 -3.603 3.023 
D13 10 -2.352 4.073 
D14 11 -0.875 4.632 
D15 37 0.816 4.450 
D16 10 2.352 4.073 
D17 9 3.603 3.023 
D18 8 4.419 1.608 

    
E1 12 6.266 0.000 
E2 13 6.052 -1.622 
E3 14 5.426 -3.133 
E4 15 4.431 -4.431 
E5 16 3.133 -5.426 
E6 41 1.656 -5.985 
E7 40 0.095 -5.985 
E8 17 -1.622 -6.052 
E9 16 -3.133 -5.426 
E10 15 -4.431 -4.431 
E11 14 -5.426 -3.133 
E12 13 -6.052 -1.622 
E13 12 -6.266 0.000 
E14 13 -6.052 1.622 
E15 14 -5.426 3.133 
E16 S -4.431 4.431 
E17 16 -3.133 5.426 
E18 41 -1.656 5.985 
E19 40 -0.095 5.985 
E20 17 1.622 6.052 
E21 T 3.133 5.426 
E22 15 4.431 4.431 
E23 14 5.426 3.133 
E24 13 6.052 1.622 
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F1 19 7.830 0.000 
F2 20 7.659 -1.628 
F3 21 7.153 -3.185 
F4 22 6.335 -4.603 
F5 23 5.239 -5.819 
F6 38 3.984 -6.745 
F7 25 2.420 -7.447 
F8 26 0.818 -7.787 
F9 26 -0.818 -7.787 

F10 25 -2.420 -7.447 
F11 24 -3.915 -6.781 
F12 23 -5.239 -5.819 
F13 22 -6.335 -4.603 
F14 21 -7.153 -3.185 
F15 20 -7.659 -1.628 
F16 19 -7.830 0.000 
F17 20 -7.659 1.628 
F18 21 -7.153 3.185 
F19 22 -6.335 4.603 
F20 23 -5.239 5.819 
F21 38 -3.984 6.745 
F22 25 -2.420 7.447 
F23 26 -0.818 7.787 
F24 26 0.818 7.787 
F25 25 2.420 7.447 
F26 24 3.915 6.781 
F27 23 5.239 5.819 
F28 22 6.335 4.603 
F29 21 7.153 3.185 
F30 20 7.659 1.628 

    
G1 27 9.394 0.000 
G2 28 9.251 -1.631 
G3 29 8.827 -3.213 
G4 30 8.136 -4.697 
G5 31 7.196 -6.038 
G6 32 6.038 -7.196 
G7 33 4.697 -8.136 
G8 39 3.180 -8.900 
G9 35 1.631 -9.251 

G10 36 0.000 -9.394 
G11 35 -1.631 -9.251 
G12 34 -3.213 -8.827 
G13 33 -4.697 -8.136 
G14 32 -6.038 -7.196 
G15 31 -7.196 -6.038 
G16 30 -8.136 -4.697 
G17 29 -8.827 -3.213 
G18 28 -9.251 -1.631 
G19 27 -9.394 0.000 
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G20 28 -9.251 1.631 
G21 29 -8.827 3.213 
G22 30 -8.136 4.697 
G23 31 -7.196 6.038 
G24 32 -6.038 7.196 
G25 33 -4.697 8.136 
G26 39 -3.180 8.900 
G27 35 -1.631 9.251 
G28 36 0.000 9.394 
G29 35 1.631 9.251 
G30 34 3.213 8.827 
G31 33 4.697 8.136 
G32 32 6.038 7.196 
G33 31 7.196 6.038 
G34 30 8.136 4.697 
G35 29 8.827 3.213 
G36 28 9.251 1.631 

 

 



 

 

98

Appendix B – Benchmark Model Specifications 
 

 The materials and dimensions of the benchmark model are similar to the 

OSTR model.  The intent of making a benchmark model was to create a reactor 

that would have properties similar to the OSTR, but would be simpler to 

describe.  For example, the core lattice positions in the benchmark model are 

regularly spaced whereas the lattice positions in the OSTR model accurately 

reflect the true (irregular) lattice positions.  In creating a simplified reactor, it 

was hoped that there would be less chance of introducing error when writing 

the MCNP and Attila input decks.  The Benchmark model is fully specified in 

Tables B1 through B3. 

 

Table B1:  Benchmark Model Materials 

Cell Flag Cross Section Homogenized from:   Isotope 
Hom. Atom 

fraction 

CR_Full_In_Lower (3 rods) F_No_Zr * Fuel + Clad *  C-12 1.78E-05 
    Iron 3.39E-03 
    Chromium 9.77E-04 
    Nickel 4.55E-04 
 Materials in   Hydrogen 6.02E-01 
 'Clad' layer   Zirc 3.76E-01 
 Materials in   235 9.57E-03 
 'Meat' layer   238 4.05E-03 
    Er-166 2.77E-03 

    Er-167 8.25E-04 

     1.00E+00 

      

CR_Full_In_Lower (4th rod) AIR_Fe Air + Clad*  C-12 3.31E-03 
    Iron 6.30E-01 
    Chromium 1.81E-01 
    Nickel 8.46E-02 
    N-14 8.15E-02 

    O-16 1.90E-02 

     1.00E+00 

      

Gridplate_Upper ALUMNM Aluminum  Al-27 1.00E+00 

      

ANLS_Air AIR Air  N-14 8.11E-01 

    O-16 1.89E-01 

     1.00E+00 
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ANLS_Gr ANLS_Gr Graphite  "graphite" 1.00E+00 

      

ANLS_Pb ANLS_Pb Lead  natural Pb 1.00E+00 

      

Gridplate_Lower ALUMNM Aluminum  Al-27 1.00E+00 

      

CR_Full_In_Middle B4C_Fe B4C + Clad  C-12 1.30E-05 
    Iron 2.47E-03 
    Chromium 7.12E-04 
    Nickel 3.32E-04 
    B-10 4.22E-02 
    B-11 1.70E-01 

    C-12 7.85E-01 

     1.00E+00 

      

FE_Fuel F_No_Zr Fuel + Clad  C-12 1.78E-05 
    Iron 3.39E-03 
    Chromium 9.77E-04 
    Nickel 4.55E-04 
    Hydrogen 6.02E-01 
    Zirc 3.76E-01 
    235 9.57E-03 
    238 4.05E-03 
    Er-166 2.77E-03 

    Er-167 8.25E-04 

     1.00E+00 

      

FE_LG GRPH_Fe Graphite + Clad  C-12 2.06E-05 
    Iron 3.93E-03 
    Chromium 1.13E-03 
    Nickel 5.27E-04 

    "graphite" 9.94E-01 

     1.00E+00 

      

Spacer_Lower SPACER Spacer  C-12 9.86E-04 
    Iron 1.88E-01 
    Chromium 5.41E-02 
    Nickel 2.52E-02 
    Hydrogen 4.88E-01 

    O-16 2.44E-01 

     1.00E+00 

      

CR_Full_In_Upper SPACER Spacer  C-12 9.86E-04 
    Iron 1.88E-01 
    Chromium 5.41E-02 
    Nickel 2.52E-02 
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    Hydrogen 4.88E-01 

    O-16 2.44E-01 

     1.00E+00 

      

Water_Hole WATER Water  Hydrogen 6.67E-01 

    O-16 3.33E-01 

     1.00E+00 

      

RE GRPH_Fe Graphite + Clad  C-12 2.06E-05 
    Iron 3.93E-03 
    Chromium 1.13E-03 
    Nickel 5.27E-04 

    "graphite" 9.94E-01 

     1.00E+00 

      

FE_UG GRPH_Fe Graphite + Clad  C-12 2.06E-05 
    Iron 3.93E-03 
    Chromium 1.13E-03 
    Nickel 5.27E-04 

    "graphite" 9.94E-01 

     1.00E+00 

      

ICIT AIR_AL Air + Aluminum  N-14 1.11E-01 
    O-16 2.59E-02 

    Al-27 8.63E-01 

     1.00E+00 

      

Spacer_Upper SPACER Spacer  C-12 9.86E-04 
    Iron 1.88E-01 
    Chromium 5.41E-02 
    Nickel 2.52E-02 
    Hydrogen 4.88E-01 

    O-16 2.44E-01 

     1.00E+00 

      

A1_Aluminum ALUMNM Aluminum  Al-27 1.00E+00 

      

Shell_W_CR_Full_in WATER Water  Hydrogen 6.67E-01 

    O-16 3.33E-01 

     1.00E+00 
      

* NOTE:  The control rod follower (CR_Full_In_Lower) is F_No_Zr for three of the control 
rods  

but is AIR_Fe for the fourth rod ("C4" rod at the default view nine o'clock position)  
      

      

CLICIT    N-14 1.21E-03 
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    O-16 2.81E-04 
    Al-27 8.96E-01 
    Cd-nat   
    Cd-106 1.28E-03 
    Cd-108 9.11E-04 
    Cd-110 1.28E-02 
    Cd-111 1.31E-02 
    Cd-112 2.47E-02 
    Cd-113 1.25E-02 
    Cd-114 2.94E-02 

    Cd-116 7.67E-03 

     1.00E+00 
 

Table B2:  Benchmark Model Dimensions and Material Assignments 
Benchmark Core Dimensions   

Ring # Elements Radius to element centerline   

A 1 0.000 cm   
B 6 5.080   
C 12 10.160   
D 18 15.240 127.00  
E 24 20.320   
F 30 25.400   
G 36 30.480   
       

Element positions evenly spaced in each row   
1st element at 6 o'clock position   

All height dimensions reference fuel midplane   

Element (materials) Height Radius 

Fuel (9/7) 38.1 cm +19.05 cm 
-19.05 

cm   

Graphite plugs (4/7) 6.35 cm +19.05 cm 
+25.4 

cm   
   -19.05 cm -25.4 cm   

Spacer (2) 2.54 cm +25.4 cm 
+27.94 

cm 33.02 cm IR (lower) 

  -25.4 cm 
-27.94 

cm 34.0 cm (upper) 

Aluminum Plate (1) 2.54 cm +27.94 cm 
+30.48 

cm 33.02 cm IR (lower) 

  -27.94 cm 
-30.48 

cm 34.0 cm (upper) 

Annular Graphite (4) 30.48 cm 0.0 cm 
+30.48 

cm 
39.0 cm 

IR 
53.34 cm 

OR 
Outside Core (top)      

Annular Graphite (4) 30.48 cm 0.0 cm 
-30.48 

cm 
34.0 cm 

IR 
53.34 cm 

OR 
Outside Core (bottom)      

       

LS Tray (19) 30.48 cm 0.0 cm 
+30.48 

cm 
34.0 cm 

IR 39.0 cm OR 
       

Lead Shell (5) 60.96 cm -30.48 cm 
+30.48 

cm 
53.34 cm 

IR 
58.42 cm 

OR 
       

A1 Aluminum plug (1) 50.80 cm -25.4 cm +25.4   
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cm 

(solid Al)      

B1 ICIT (19/1) 50.80 cm -25.4 cm 
+25.4 

cm   
(air clad in Al)      

Fuel element (9/7) 38.1 cm -19.05 cm 
+19.05 

cm   
(Fuel with clad)      

Reflector element (4/7) 50.80 cm -25.4 cm 
+25.4 

cm   
(Graphite with clad)      
CR Absorber (10/7) var See Below    

(B4C with clad)      
CR Follower (9/7 or 19/7) var See Below    

(air or fuel with clad)      

B1 CLICIT (19/20) 50.80 cm -25.4 cm 
+25.4 

cm   
       

All clad items: meat: 1.9000 cm OR clad: 1.9050 cm OR  
      
  Meat Clad  

A1 Solid Alum. Al 1.9000 Al 1.9050  
B1 ICIT Air 1.9000 Al 1.9050  

 Reflector graphite 1.9000 Clad 1.9050  
 Fuel Fuel " Clad "  
 FFCR Fuel " Clad "  
 AFCR Air " Clad "  
 CR Absorber B4C " Clad "  
       

Material ID Density (g/cc) Component atom/cc fraction  

Aluminum 1 2.7000 Al-27 
6.027E-

02 1.00  
       

Graphite 4 1.6 "graphite" 
8.019E-

02 1.00  
       

Lead 5 11.400 natural 
3.314E-

02 1.00  
       

Water 6 1.000 Hydrogen 
6.669E-

02 0.6667  

   O-16 
3.335E-

02 0.3333  
       

Clad 7 7.890 C-12 
3.152E-

04 0.004 0.08575539 

   Iron 
6.009E-

02 0.701  

   Chromium 
1.729E-

02 0.202  

   Nickel 
8.062E-

03 0.094  
       

Zirconium 8 6.400 Zirconium 
4.223E-

02 1.00  
       

Fuel 9 6.006 Hydrogen 
5.614E-

02 0.605 0.092830816 
   Zirc 3.509E- 0.378  
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02 

   235 
8.928E-

04 0.010  

   238 
3.782E-

04 0.004  

   Er-166 
2.583E-

04 0.003  

   Er-167 
7.694E-

05 0.001  
       

B4C 10 2.480 B-10 
5.400E-

03 0.042 1.28E-01 

   B-11 
2.172E-

02 0.170  

   C-12 
1.004E-

01 0.787  
       

Air 19 1.0290E-03 N-14 
4.093E-

05 0.811 5.046E-05 

   O-16 
9.526E-

06 0.189  
       

Cadmium 20 8.642 Natural 
4.630E-

02 1.00  
       

Spacer 2 3.057 C-12 
9.456E-

05 0.001 9.59E-02 

   Iron 
1.803E-

02 0.188  

   Chromium 
5.187E-

03 0.054  

   Nickel 
2.419E-

03 0.025  

   Hydrogen 
4.676E-

02 0.488  

   O-16 
2.338E-

02 0.244  
       
       

Control 
Rod Height Absorber Fuel    
C10 60 3.81 to 25.40 cm -25.40 to 3.81 cm    
D1 70 7.62 to 25.40 cm -25.40 to 7.62 cm    

D10 70 7.62 to 25.40 cm -25.40 to 7.62 cm    
Control 

Rod Height Absorber Air    

C4 80 
11.43 to 25.40 

cm 
-25.40 to 11.43 

cm    
       
       

Flux tallies will be needed for the following 
positions:     

A1 Al Plug      
B1 ICIT      
C1 Fuel      
C4 AFCR      
D1 FFCR      
E19 Fuel      
F23 Reflector      
G27 Water Do tally in a fuel shaped water hole    

Tallies needed for heights between +/- 25.40 cm     
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Approximately 2 cm steps     
       

Tank Radius: 76.2 cm      
Tank Height: 152.4 cm      

       
       

       

Changes (April 14, 2005)    
         

Tank radius 30 inches (76.2 cm)    
Tank height 60 inches (152.4 cm)    

Please assign flux tally energy groups as follows    
Group 1 > 8.21E5       

Group 2 
8.21E5 - 
1.503E4       

Group 3 
1.503E4 - 

1.15E0       
Group 4 1.15E0 - 5.0E-1       
Group 5 5.0E-1 - 1.8E-1       
Group 6 1.8E-1 - 5.8E-2       
Group 7 < 5.8E-2       

         
         

Please do two additional runs with control rods configured as follows:    
"All Rods Out" water in place of all four control rods    

"All Rods In" all rods fully inserted (heights as shown)    
FFCR Spacer Absorber Fuel    

(C10, D1, 
D10) +25.4 to +19.05 +19.05 to -19.05 -19.05 to -25.4    

AFCR Spacer Absorber Air    

(C4) +25.4 to +19.05 +19.05 to -19.05 -19.05 to -25.4    

       
 
 

Table B3:  Benchmark Core Lattice Positions 
Ring Element X Y Type 

A 1 0.000 0.000 Aluminum
     

B 1 0.000 -5.080 ICIT 
B 2 -4.365 -2.540 Fuel 
B 3 -4.365 2.540 Fuel 
B 4 0.000 5.080 Fuel 
B 5 4.365 2.540 Fuel 
B 6 4.365 -2.540 Fuel 
     

C 1 0.000 -10.160 Fuel 
C 2 -5.080 -8.799 Fuel 
C 3 -8.799 -5.080 Fuel 
C 4 -10.160 0.000 AFCR 
C 5 -8.799 5.080 Fuel 
C 6 -5.080 8.799 Fuel 
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C 7 0.000 10.160 Fuel 
C 8 5.080 8.799 Fuel 
C 9 8.799 5.080 Fuel 
C 10 10.160 0.000 FFCR 
C 11 8.799 -5.080 Fuel 
C 12 5.080 -8.799 Fuel 
      

D 1 0.000 -15.240 FFCR 
D 2 -5.212 -14.321 Fuel 
D 3 -9.796 -11.675 Fuel 
D 4 -13.198 -7.620 Fuel 
D 5 -15.008 -2.646 Fuel 
D 6 -15.008 2.646 Fuel 
D 7 -13.198 7.620 Fuel 
D 8 -9.796 11.675 Fuel 
D 9 -5.212 14.321 Fuel 
D 10 0.000 15.240 FFCR 
D 11 5.212 14.321 Fuel 
D 12 9.796 11.675 Fuel 
D 13 13.198 7.620 Fuel 
D 14 15.008 2.646 Fuel 
D 15 15.008 -2.646 Fuel 
D 16 13.198 -7.620 Fuel 
D 17 9.796 -11.675 Fuel 
D 18 5.212 -14.321 Fuel 
     

E 1 0.000 -20.320 Fuel 
E 2 -5.259 -19.628 Fuel 
E 3 -10.160 -17.598 Fuel 
E 4 -14.368 -14.368 Fuel 
E 5 -17.598 -10.160 Fuel 
E 6 -19.628 -5.259 Fuel 
E 7 -20.320 0.000 Fuel 
E 8 -19.628 5.259 Fuel 
E 9 -17.598 10.160 Fuel 
E 10 -14.368 14.368 Fuel 
E 11 -10.160 17.598 Fuel 
E 12 -5.259 19.628 Fuel 
E 13 0.000 20.320 Fuel 
E 14 5.259 19.628 Fuel 
E 15 10.160 17.598 Fuel 
E 16 14.368 14.368 Fuel 
E 17 17.598 10.160 Fuel 
E 18 19.628 5.259 Fuel 
E 19 20.320 0.000 Fuel 
E 20 19.628 -5.259 Fuel 
E 21 17.598 -10.160 Fuel 
E 22 14.368 -14.368 Fuel 
E 23 10.160 -17.598 Fuel 
E 24 5.259 -19.628 Fuel 
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F 1 0.000 -25.400 Fuel 
F 2 -5.281 -24.845 Fuel 
F 3 -10.331 -23.204 Fuel 
F 4 -14.930 -20.549 Fuel 
F 5 -18.876 -16.996 Fuel 
F 6 -21.997 -12.700 Fuel 
F 7 -24.157 -7.849 Fuel 
F 8 -25.261 -2.655 Fuel 
F 9 -25.261 2.655 Fuel 
F 10 -24.157 7.849 Fuel 
F 11 -21.997 12.700 Fuel 
F 12 -18.876 16.996 Fuel 
F 13 -14.930 20.549 Fuel 
F 14 -10.331 23.204 Fuel 
F 15 -5.281 24.845 Fuel 
F 16 0.000 25.400 Fuel 
F 17 5.281 24.845 Reflector 
F 18 10.331 23.204 Reflector 
F 19 14.930 20.549 Reflector 
F 20 18.876 16.996 Reflector 
F 21 21.997 12.700 Reflector 
F 22 24.157 7.849 Reflector 
F 23 25.261 2.655 Reflector 
F 24 25.261 -2.655 Reflector 
F 25 24.157 -7.849 Reflector 
F 26 21.997 -12.700 Reflector 
F 27 18.876 -16.996 Reflector 
F 28 14.930 -20.549 Reflector 
F 29 10.331 -23.204 Reflector 
F 30 5.281 -24.845 Reflector 
     

G 1 0.000 -30.480 Reflector 
G 2 -5.293 -30.017 Reflector 
G 3 -10.425 -28.642 Reflector 
G 4 -15.240 -26.396 Reflector 
G 5 -19.592 -23.349 Reflector 
G 6 -23.349 -19.592 H2O 
G 7 -26.396 -15.240 Fuel 
G 8 -28.642 -10.425 Fuel 
G 9 -30.017 -5.293 Fuel 
G 10 -30.480 0.000 Fuel 
G 11 -30.017 5.293 Fuel 
G 12 -28.642 10.425 Fuel 
G 13 -26.396 15.240 Fuel 
G 14 -23.349 19.592 Reflector 
G 15 -19.592 23.349 Reflector 
G 16 -15.240 26.396 Reflector 
G 17 -10.425 28.642 Reflector 
G 18 -5.293 30.017 Reflector 
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G 19 0.000 30.480 Reflector 
G 20 5.293 30.017 Reflector 
G 21 10.425 28.642 H2O 
G 22 15.240 26.396 H2O 
G 23 19.592 23.349 H2O 
G 24 23.349 19.592 H2O 
G 25 26.396 15.240 H2O 
G 26 28.642 10.425 H2O 
G 27 30.017 5.293 H2O 
G 28 30.480 0.000 H2O 
G 29 30.017 -5.293 H2O 
G 30 28.642 -10.425 H2O 
G 31 26.396 -15.240 H2O 
G 32 23.349 -19.592 H2O 
G 33 19.592 -23.349 H2O 
G 34 15.240 -26.396 Reflector 
G 35 10.425 -28.642 Reflector 
G 36 5.293 -30.017 Reflector 
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Appendix C – Sample WIMS-ANL Input Decks 
 

 Three representative WIMS-ANL input cases are shown below, along with 

a brief description of each case.  For a detailed explanation of WIMS-ANL 

control cards, consult the users’ manual [Dee 00]. 

 

 C1  Cross Sections for Fuel Material 
                                                                                

* Benchmark Fuel in Hexagonal Geometry                                   
* Uses MCNP model compositions of fuel, SS, etc                                  
* Using 69 Main Transport Groups                                                 
* Collapsed to 7 Reaction Rate and Microscopic Groups                     
*                                                                                
*                                                                                
*                   *****PRELUDE INPUT DATA******                                
*                                                                                
CELL 6                                                                           
SEQUENCE 1                                                                       
NGROUP 69 69 7                                                                   
NMESH 37 37                                                                      
NREGION 4                                                                    
NMATERIAL 4                                                                  
NPLATE 0                                                                         
PREOUT                                                                           
*                                                                                
*                    ****MAIN INPUT DATA******                                   
*                                                                                
INITIATE                                                                         
BELL 1.1608                                                                      
ANNULUS 1 0.3175 1 
ANNULUS 2 1.9000 2                                                               
ANNULUS 3 1.9050 3                                                               
POLYGON 4 6 4 2.50                                                              
* M1 = Zirc rod 
* M2 = fuel (number densities based on MCNP core model)                                                          
* M3 = SS304 (rough approximation)                          
* M4 = Water                                               
MATERIAL 1 -1 300 2 91 0.042234 
MATERIAL 2 -1 300 1 235.1 0.000892797 238.1 0.000378151 2191 0.0561382 $ 
         2091 0.0350864 166.1 0.000258324 167.1 7.6944E-5 
MATERIAL 3 -1 300 2 56 6.0088E-2 52 1.729E-2 58 8.0622E-3 $                      
         1212 3.1519E-4                                                                   
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MATERIAL 4 -1 300 3 2001 0.06669 16 0.03335                                      
MESH 5 20 2 10                                                                    
BEGINC                                                                           
*                                                                                
*                    ****EDIT INPUT DATA******                                   
*                                                                                
REGION 1 3 1 4                                                                   
VECTOR 6 14 34 47 55 60 69                                                       
BEGINC 
 

 Lines beginning with “*” are comment lines.  The first block of input 

(Prelude input data) consists of global information such as problem type 

(CELL 6: pin cell with energy condensation), transport option (SEQUENCE 1: 

DSN), number of coarse and fine groups, number of mesh cells, number of 

regions and number of materials. 

 The next block of input data (Main input data) describes problem 

geometry and material composition.  ANNULUS specifies dimensions and 

contents of annular regions (ANNULUS 1 0.3175 1 specifies that region 1 is 

an annulus or radius 0.3175 cm containing material 1).  POLYGON specifies a 

polygonal region.  BELL specifies a geometry factor related to the Dancoff 

factor (which may also be specified).  MATERIAL specifies a list of 

constituent elements which make up each material used in the problem (isotope 

identifier, number density and temperature).  The line MESH 5 20 2 10 

specifies five equal mesh intervals in region 1, 20 in region 2, 2 in region 3 and 

10 in region 4. 

 The final block (edit input data) specifies how output data is organized.  

Output cross section data can be homogenized by combining data from 

different regions (REGION 1 3 1 4 provides data for homogenization of 

regions 1 through 3 and 1 through 4).  The solutions to each problem is 

calculated for all 69 groups of the source library, but output data can be 

collapsed as desired by the user. 
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C2  Cross Sections for Non-Fuel Material 
 

* Supercell Model for a TRIGA Experimental Location                              
*                                                                                
CELL 8                                                                           
SEQUENCE 1                                                                       
NGROUP 69 69 7                                                                   
NMESH 44                                                                         
NREGION 9 0 9                                                                    
NMATERIAL 5                                                                      
NCELL 3                                                                          
PREOUT                                                                           
INITIATE                                                                         
*                                                                                
* Supercell option for experimental location                                     
* with material 4 as homogenized cell                                            
*                                                                                
CELL 1 1 0 1                                                                     
CSPECTRUM -1                                                                     
ANNULUS 1 1.9050 5                                                               
ANNULUS 2 2.5000 3                                                                
ANNULUS 3 5.0000 4                                                                  
MESH 8 4 4                                                                     
*                                                                                
CELL 2 1 0 0                                                                     
CSPECTRUM 2                                                                      
ANNULUS 1 1.9000 1                                                               
ANNULUS 2 1.9050 2                                                               
ANNULUS 3 2.5000 3                                                                
MESH 6 1 5                                                                     
*                                                                                
CELL 3 1 0 1                                                                     
CSPECTRUM 3                                                                      
ANNULUS 1 1.9050 5                                                               
ANNULUS 2 2.5000 3                                                                
ANNULUS 3 5.0000 4                                                                  
MESH 8 4 4                                                                     
*                                                                                
NEWXS 1 -1 2                                                                     
NEWXS 2 -1 2                                                                     
NEWXS 3 -1 2                                                                     
NEWXS 4 1 2 1 2 3                                                              
NEWXS 5 -1 3                                                                     
*                                                                                
MATERIAL 1 -1 300 1 235 8.92797E-4 238 3.78150E-4 2191 5.61382E-2 $         
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         2091 3.50684E-2 166 2.5832E-4 167 7.694404E-5                                
MATERIAL 2 -1 300 2 56 6.0088E-2 52 1.729E-2 58 8.0622E-3 $                      
         1212 3.1519E-4                                                                   
MATERIAL 3 -1 300 3 2001 0.06669 16 0.03335                                      
MATERIAL 4 -1 300 1 235 1.E-18                                                   
MATERIAL 5 -1 300 3 2001 0.06669 16 0.03335                                                                 
BEGINC                                                                           
REGION  1 1 1 3                                                                  
VECTOR 6 14 34 47 55 60 69                                                       
BEGINC                                                                           

 

 In this case, CELL 8 indicates the SUPERCELL option which allows the 

user to create new materials by selecting collapse spectra from different 

auxiliary cells in the supercell model.  The CELL commands in the main 

input data block are used to specify the construction of the auxiliary cells.  

The NEWXS command is used to specify which materials and which 

auxiliary cell spectra are used to create new materials.  The rest of the 

commands are similar to the first case.   
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C3  Cross Sections for Non-Fuel Materials Using Slab Geometry 
                                                                                

* Supercell Model for OSU TRIGA Annular Reflector                                
*                                                                                
CELL 8                                                                           
SEQUENCE 1                                                                       
NGROUP 69 69 7                                                                   
NMESH 62                                                                         
NREGION 12                                                                       
NMATERIAL 7                                                                      
NCELL 3                                                                          
PREOUT                                                                           
INITIATE                                                                         
*                                                                                
* Supercell option for OSU TRIGA Reflector                                       
* with material 5 as homogenized driver                                            
* material 6 as the graphite reflector                                           
* and material 7 as the Lead shield                                              
*                                                                                
CELL 1 1 0 1                                                                     
CSPECTRUM -1                                                                     
SLAB 1 5.00 5                                                                    
SLAB 2 7.00 4                                                                    
SLAB 3 17.0 6                                                                    
SLAB 4 22.0 7                                                                    
MESH 8 4 8 4                                                                     
*                                                                                
CELL 2 1 0 0                                                                     
CSPECTRUM 2                                                                      
ANNULUS 1 1.9000 2                                                               
ANNULUS 2 1.9050 3                                                               
ANNULUS 2 2.5000 4                                                                
MESH 6 1 5                                                                     
*                                                                                
CELL 3 1 0 0                                                                     
CSPECTRUM 3                                                                      
SLAB 1 5.00 5                                                                    
SLAB 2 7.00 4                                                                    
SLAB 3 17.0 6                                                                    
SLAB 4 22.0 7                                                                    
MESH 8 4 8 4                                                                     
*                                                                                
NEWXS 1 -1 2                                                                     
NEWXS 2 -1 2                                                                     
NEWXS 3 -1 2                                                                     
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NEWXS 4 -1 2                                                                     
NEWXS 5 1 2 1 2 3 4                                                              
NEWXS 6 -1 3                                                                     
NEWXS 7 -1 3                                                                     
*                                                                                
MATERIAL 1 -1 300 2 91 .042234                                                   
MATERIAL 2 -1 680 1 235.1 8.92797E-04 238.1 0.00037815 $                         
         2191 0.0561382 2091 0.0350684 166.1 0.00025832 167.1 0.000076944                 
MATERIAL 3 -1 300 2 56 6.0088E-2 52 1.729E-2 58 8.0622E-3 $                      
         1212 3.1519E-4                                                                   
MATERIAL 4 -1 300 3 2001 0.06669 16 0.03335                                      
MATERIAL 5 -1 300 1 235 1.E-18                                                   
MATERIAL 6 -1 300 2 12 0.085205                                                  
MATERIAL 7 -1 300 2 206 7.944E-3 207 7.613E-3 208 1.754E-2                       
BEGINC                                                                           
REGION  3 3 4 4 1 4                                                             
VECTOR 6 14 34 47 55 60 69                                                       
BEGINC                                                                           
  

 This is another supercell case, but slab geometry is used to obtain some of 

the auxiliary spectra instead of annular geometry.   
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Appendix D – Cross Section Information 
 

There is an enormous amount of cross section data in existence.  A 

miniscule sample of the available material is presented in this appendix to 

illuminate some of the more important aspects of the data used in this work. 

As an indication of the sheer amount of information available, consider the 

DTF format 238 group working library created by SCALE for production of 

smaller group collapsed libraries.  Each energy group of each isotope in the 

238 group library has 114 auxiliary cross section entries (cross section for 

absorption, (n,p) reaction, (n,α) reaction, (n,2n) reaction, KERMA, etc.) and a 

309 element scattering matrix for a total of 423 entries per energy group.  Thus 

each isotope has 423 x 238 = 100,674 data entries (of course many of these 

entries are zero).  Furthermore, most isotopes have data for higher order 

scattering moment cross sections, each order requiring a separate table.  The 

most convenient way to present data is graphically.  The cross section graphs 

in this appendix were created using the Los Alamos Nuclear Data Viewer 

found at http://t2.lanl.gov/data/ndviewer.html. 

 

D1  Erbium Cross Section Data 

 
There are four naturally occurring isotopes of Erbium (166, 167, 168, 170) 

but comprehensive, verified information for Er-168 and Er-170 scattering data 

is not available.  Figure D1 shows the absorption cross sections for these four 

isotopes.  To most accurately represent naturally occurring Erbium with the 

available data, the portion of Erbium which is Er-166 is represented as Er-166 

and all other naturally occurring Erbium is represented as Er-167.  Erbium-

166, with its double absorption peak in the thermal energy range strongly 

affects reactor performance and must be accurately represented.  The other 

three isotopes have lower absorption cross sections and can be treated as a 

single isotope without significant loss of accuracy. 
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Figure D1:  Absorption Cross Section of Naturally Occurring Erbium Isotopes.   

 

D2  Uranium Cross Section Data and GA Energy Groups 

 
U-235 and U-238 are the principal uranium isotopes of interest, especially 

in unirradiated fuel, although there is a very small amount of U-236 present in 

naturally occurring and enriched uranium.  Figure D2 shows the absorption, 

fission and total cross sections of U-235 overlaid with the GA seven group 

cross section energy boundaries. 

 
Figure D2: , Uranium-235 Cross Sections and GA energy group boundaries 
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D3  Boron and Cadmium Cross Section Data 

 
Boron and Cadmium are two of the strongest absorbers present in the 

OSTR.  Figure D3 shows the absorption cross sections for B-10, B-11 and 

natural Cadmium.  Boron is used in the control rods to remove neutrons and 

control the nuclear chain reaction.  B-11 comprises 80.1 percent of naturally 

occurring boron, but B-10 (comprising the remainder) is the stronger absorber.  

The absorption cross section of cadmium rises sharply below 0.5 eV (the so 

called “cadmium cutoff”).  When primarily fast neutrons are desired by the 

experimenter, as is normally the case for Argon-Argon geochronology studies, 

the samples are irradiated in the CLICIT. 

 

 
Figure D3:  Boron and Cadmium absorption cross sections 
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D4  Energy Group Structures 

 
The seven group (“GA”), nine group (“modified GA”) and sixteen group 

energy structures are shown in Table D1.  The nine group library was created 

from the seven group library by matching energy group boundaries available 

with SCALE-5 as accurately as possible to energy group boundaries available 

with WIMS-ANL and adding two additional energy boundaries.  The two extra 

groups were added so that flux values integrated over energy to obtain total 

fast, total isothermal and total thermal fluxes would have the same energy 

ranges as total fluxes (thermal, epithermal and fast) summarized in Ashbaker’s 

work [Ash 05]. 

 

Table D1:  Cross Section Library Energy Group Structures 

Seven energy group boundaries (MeV) 

Group 1 (fast) 10 0.821 

Group 2 0.821 9.50E-3 

Group 3 9.50E-3 4.805E-5 

Group 4 4.805E-5 5.00E-7 

Group 5 5.00E-7 1.40E-7 

Group 6 1.40E-7 5.00E-8 

Group 7 (thermal) 5.00E-8 1.00E-11 

Nine energy group boundaries (MeV) 

Group 1 (fast) 20 1.01 

Group 2 1.01 0.49952 

Group 3 0.49952 9.50E-3 

Group 4 9.50E-3 1.12E-6 

Group 5 1.12E-6 5.00E-7 

Group 6 5.00E-7 4.00E-7 

Group 7 4.00E-7 1.50E-7 

Group 8 1.50E-7 5.00E-8 
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Group 9 (thermal) 5.00E-8 1.00E-11 

Sixteen energy group boundaries (MeV) 

Group 1 (fast) 20 1.4 

Group 2 1.4 0.42 

Group 3 0.42 8.2E-2 

Group 4 8.2E-2 1.7E-2 

Group 5 1.7E-2 1.15E-3 

Group 6 1.15E-3 1.86E-4 

Group 7 1.86E-4 8.00E-5 

Group 8 8.00E-5 5.06E-5 

Group 9 5.06E-5 3.55E-5 

Group 10 3.55E-5 1.90E-5 

Group 11 1.90E-5 5.00E-6 

Group 12 5.00E-6 1.94E-6 

Group 13 1.94E-6 1.11E-6 

Group 14 1.11E-6 5.00E-7 

Group 15 5.00E-7 7.00E-8 

Group 16 (thermal) 7.00E-8 1.00E-11 
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Appendix E – Full Core Depletion Calculation Input 
Parameters – Historical Data 

 

The OSTR was loaded with FLIP fuel in August of 1976.  Between initial 

criticality in 1976 and the end of 2005 there were eleven significant 

configuration changes, disregarding a core shuffle in 1989.  Prior to 1979, the 

core was mostly centered and symmetric about the A-1 position.  After 1979, 

the core loading pattern was significantly skewed towards the south side of the 

tank in an effort to maximize beam intensity in beam ports three and four.  In 

February of 1989, over half of the in-core fuel elements were shuffled to 

different grid locations, although no elements were added to or removed from 

the core.  This was done to a) equalize power history of central and peripheral 

fuel elements and b) allow removal attempts of some stuck reflector elements.   

In addition to the major changes listed above, throughout core lifetime, 

single fuel elements were periodically removed in order to meet shutdown 

margin requirements.  Since Erbium has a larger cross section than uranium, it 

initially is removed (burned) faster then the uranium resulting in an initial 

reactivity increase in the early portions of reactor core life.  This behavior was 

accurately modeled in an early stage of the depletion calculation learning 

process.  The k-effective value for a simple unit cell was shown to increase for 

the first 3000 MW-Days of operation which very closely matches fuel behavior 

predicted by General Atomics. 

Prior to 1988, there was no provision for operating with an experiment in 

the B-1 position.  The ICIT was introduced in 1988 and the CLICIT was 

introduced in 1989 (a temporary cadmium lined rabbit was installed in the E-5 

position from July 1981 to December 1987).  Thereafter, the core configuration 

was frequently changed between the three core modes (sometimes as often as 

several times in a single day).  Each configuration has different control rods 

heights.  Control rod height is also affected by time of day and day of the week 

(due to variation in Xenon concentration over time). 

It would be counterproductive to try to accurately model the complete 

detailed operating history of the OSTR.  To demonstrate feasibility and 
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accuracy of a full core depletion calculation, core history could be represented 

as a limited number of steps.  The initial core loading pattern is given in table 

E-1, Initial FLIP core configuration, and suggested depletion step break points 

are shown in Table E-2, Depletion step summary.  The 1989 core shuffle could 

not be accurately mimicked since there is no provision within the software to 

move materials from one region to another at intermediate time steps (regions 

within the model can only be reset to a known material defined at the start of 

the calculation).  Some provision would have to be made to properly represent 

the different core modes (ICIT, CLICIT and Normal).  Due to complexity of 

the mesh requirements, control rods should be treated as stationary objects at 

some representative intermediate height, and not moved.  Even with all of 

these rather gross approximations it would still take several months to 

complete the entire calculation. 

 

Table E-1:  Initial FLIP core configuration      

   Ring Element  
 Ring Position Type  
 B 1 IFE  
 B 2 FLIP  
 B 3 FLIP  
 B 4 FLIP  
 B 5 FLIP  
 B 6 FLIP  
 C 1 FLIP  
 C 2 FLIP  
 C 3 FLIP  
 C 4 TRANS  
 C 5 FLIP  
 C 6 FLIP  
 C 7 FLIP  
 C 8 FLIP  
 C 9 FLIP  
 C 10 FFCR  
 C 11 FLIP  
 C 12 FLIP  
 D 1 FFCR  
 D 2 FLIP  
 D 3 FLIP  
 D 4 FLIP  
 D 5 FLIP  
 D 6 FLIP  
 D 7 FLIP  
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 D 8 FLIP  
 D 9 FLIP  
 D 10 FFCR  
 D 11 FLIP  
 D 12 FLIP  
 D 13 FLIP  
 D 14 FLIP  
 D 15 FLIP  
 D 16 FLIP  
 D 17 FLIP  
 D 18 FLIP  
 E 1 FLIP  
 E 2 FLIP  
 E 3 FLIP  
 E 4 FLIP  
 E 5 FLIP  
 E 6 FLIP  
 E 7 FLIP  
 E 8 FLIP  
 E 9 FLIP  
 E 10 FLIP  
 E 11 FLIP  
 E 12 FLIP  
 E 13 FLIP  
 E 14 FLIP  
 E 15 FLIP  
 E 16 FLIP  
 E 17 FLIP  
 E 18 FLIP  
 E 19 FLIP  
 E 20 FLIP  
 E 21 FLIP  
 E 22 FLIP  
 E 23 FLIP  
 E 24 FLIP  
 F 1 FLIP  
 F 2 FLIP  
 F 3 FLIP  
 F 4 FLIP  
 F 5    
 F 6 FLIP  
 F 7 FLIP  
 F 8 FLIP  
 F 9 FLIP  
 F 10 FLIP  
 F 11 FLIP  
 F 12    
 F 13 FLIP  
 F 14 FLIP  
 F 15 FLIP  
 F 16 FLIP  
 F 17 FLIP  
 F 18 FLIP  
 F 19 FLIP  
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 F 20    
 F 21 FLIP  
 F 22 FLIP  
 F 23 FLIP  
 F 24 FLIP  
 F 25 FLIP  
 F 26 FLIP  
 F 27    
 F 28 FLIP  
 F 29 FLIP  
 F 30 FLIP  
 G 1 Graphite  
 G 2 Rabbit  
 G 3 Graphite  
 G 4 Graphite  
 G 5 Graphite  
 G 6 Graphite  
 G 7 Graphite  
 G 8 Graphite  
 G 9 Graphite  
 G 10    
 G 11    
 G 12    
 G 13    
 G 14    
 G 15    
 G 16 Source  
 G 17 Graphite  
 G 18 Graphite  
 G 19 Graphite  
 G 20 Graphite  
 G 21 Graphite  
 G 22    
 G 23    
 G 24    
 G 25    
 G 26    
 G 27    
 G 28    
 G 29 Graphite  
 G 30 Graphite  
 G 31 Graphite  
 G 32 Graphite  
 G 33 Graphite  
 G 34 Graphite  
 G 35 Graphite  
 G 36 Graphite  
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Table E-2:  Depletion step summary 

Step Configuration 

1 
8/16/1976- 
7/18/1977 

Initial FLIP core configuration 
ICIT: 0 MW-Hr 

CLICIT: 0 MW-Hr 
Normal: 498 MW-Hr 

2 
7/19/1977- 
8/7/1978 

Changes:  F2 from FE to Water, F5 from water to FE, 
F9 from FE to water, F12 from water to FE, 
F17 from FE to water, F20 from water to FE, 
F24 from FE to water, F27 from water to FE. 

ICIT: 0 MW-Hr 
CLICIT: 0 MW-Hr 

Normal: 523 MW-Hr 

3 
8/8/1978- 
6/7/1979 

Changes:  F17 from water to FE, F24 from FE to water 
ICIT: 0 MW-Hr 

CLICIT: 0 MW-Hr 
Normal: 192 MW-Hr 

4 
6/8/1979- 
7/8/1981 

Changes:  F9 from water to FE, G8 from graphite to 
source, G10 from water to FE, G11 from water to FE, 

G12 from water to FE, G13 from water to FE, G14 from 
water to FE, G15 from water to FE, G16 from source to 

FE, G29 through G35 from graphite to water 
ICIT: 0 MW-Hr 

CLICIT: 0 MW-Hr 
Normal: 1594 MW-Hr 

5 
7/9/1981- 

12/15/1987 

Changes:  E-5 from FE to Cadmium rabbit, F19 from FE 
to graphite, G5 from graphite to water, G6 from graphite 

to FE, G7 from graphite to FE, G8 from source to FE, 
G9 from graphite to FE, G16 from FE to graphite, G17 
from graphite to source, G22 from water to graphite, 

G34 from water to graphite, G35 from water to graphite 
ICIT: 0 MW-Hr 

CLICIT: 0 MW-Hr 
Normal: 6283 MW-Hr 

6 
12/16/1987- 
8/11/1995 

Changes:  E5 from Cd rabbit to FE, F18 from FE to 
graphite, G5 from water to graphite, G6 from FE to 
water, G15 from FE to water, G21 from graphite to 

water, G22 from graphite to water 
ICIT: 756.6 MW-Hr 

CLICIT: 833.4 MW-Hr 
Normal: 6301.9 MW-Hr 
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7 
8/12/1995- 
6/7/1999 

Changes:  G14 from FE to water 
ICIT: 630.0 MW-Hr 

CLICIT: 2524.9 MW-Hr 
Normal: 836.3 MW-Hr 

8 
6/8/1999- 
1/9/2002 

Changes:  F17 from FE to water 
ICIT: 297.7 MW-Hr 

CLICIT: 1943.85 MW-Hr 
Normal: 40.0 MW-Hr 

9 
1/10/2002- 
12/8/2003 

Changes:  F28 from FE to water 
ICIT: 767.0 MW-Hr 

CLICIT: 1200.6 MW-Hr 
Normal: 13.6 MW-Hr 

10 
12/9/2003- 
10/25/2005 

Changes:  F29 from FE to water 
ICIT: 386.0 MW-Hr 

CLICIT: 1264.5 MW-Hr 
Normal: 48.8 MW-Hr 

11 
10/26/2006- 

present 

Changes:  F16 from FE to water 
ICIT: See power logs 

CLICIT: See power logs 
Normal: See power logs 
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Appendix F – OSTR Core Zoning and Fuel Composition for 
Full Core Snapshot Calculations 

 

Power history of each fuel element is tracked as part of the operational 

records maintained by the OSTR facility.  Although neutron flux in peripheral 

fuel elements is significantly lower than in the interior regions of the core, the 

power history and thus the calculated depletion of most of the elements in the 

core varies less than would be expected.  This can be attributed to the fact that 

the core shuffle of 1989 swapped a number of elements between inner and 

outer regions of the core (no elements were added to or removed from the core 

during the shuffle).  The annular reflector also flattens thermal flux within the 

core and creates a more uniform power distribution. 

The element in the core with the lowest calculated depletion is the 

Instrumented Fuel Element (IFE) in position B-4 which was replaced in 1991 

and is depleted eight percent from its initial U-235 loading.  The fuel followers 

in the fuel followed control rods also have low depletion (nine percent) due to 

the fact that when the reactor is operating, the control rods are withdrawn 

partially out of the core and the followers are thus only partially inserted.  A 

significant portion of the followers remains below the core where the neutron 

flux levels are low.  The element with the highest power history has a depletion 

of 15.7 percent. 

Although it would be possible to calculate and assign unique number 

densities to each fuel element based upon power history, it was decided that 

this would not significantly improve accuracy of results.  Instead, fuel was 

categorized as one of three types and the core was loaded accordingly.  

Loading fuel based on individual element power history was not considered 

necessary because a) the calculations made to determine power history are 

based on empirical correlations whose accuracy is not known and b) lack of 

axial zoning probably introduces more inaccuracy than exact radial zoning 

would remove.  The radial zoning plan for the Normal core is shown in Table 
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F-1.  For the CLICIT and ICIT cores, the fuel element in position B-1 is moved 

to position G-7 and the experiment holder is placed in B-1. 

 

Table F-1:  Normal Core Radial Zoning Plan 

 

    Mass  
 Ring Element Element U-235 Type* 

Ring Position ID Type (g)   
B 1 8381 FLIP 114.3568 II 
B 2 8399 FLIP 112.9494 II 
B 3 8383 FLIP 111.6012 II 
B 4 8486 IFE 122.3022 IV 
B 5 8411 FLIP 117.5734 III 
B 6 8300 FLIP 111.5656 II 
C 1 8395 FLIP 114.9508 II 
C 2 8364 FLIP 113.2656 II 
C 3 8388 FLIP 114.1703 II 
C 4  TRANS   
C 5 8402 FLIP 118.2314 III 
C 6 8311 FLIP 115.9914 III 
C 7 8306 FLIP 113.8986 II 
C 8 8369 FLIP 114.8854 II 
C 9 8312 FLIP 116.1325 III 
C 10 8945 FFCR 103.7207 IV 
C 11 8389 FLIP 115.514 III 
C 12 8319 FLIP 118.4031 III 
D 1 8492 FFCR 100.2951 IV 
D 2 8309 FLIP 114.629 II 
D 3 8286 FLIP 113.9806 II 
D 4 8390 FLIP 117.0441 III 
D 5 8379 FLIP 113.2459 II 
D 6 8362 FLIP 113.5259 II 
D 7 8287 FLIP 114.3407 II 
D 8 8396 FLIP 116.2426 III 
D 9 8282 FLIP 113.2291 II 
D 10 8494 FFCR 100.5792 IV 
D 11 8376 FLIP 113.6448 II 
D 12 8375 FLIP 116.8764 III 
D 13 8417 FLIP 119.2931 III 
D 14 8359 FLIP 115.0155 III 
D 15 8380 FLIP 115.088 III 
D 16 8356 FLIP 119.0925 III 
D 17 8366 FLIP 115.964 III 
D 18 8393 FLIP 115.5373 III 
E 1 8289 FLIP 113.858 II 
E 2 8288 FLIP 112.346 II 
E 3 8315 FLIP 115.1158 III 
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E 4 8398 FLIP 117.4149 III 
E 5 8416 FLIP 118.1296 III 
E 6 8310 FLIP 118.1486 III 
E 7 8357 FLIP 116.0726 III 
E 8 8371 FLIP 117.1533 III 
E 9 8372 FLIP 116.6325 III 
E 10 8391 FLIP 118.6468 III 
E 11 8354 FLIP 116.8872 III 
E 12 8373 FLIP 116.9384 III 
E 13 8301 FLIP 115.8332 III 
E 14 8314 FLIP 117.2953 III 
E 15 8370 FLIP 115.4261 III 
E 16 8367 FLIP 116.9497 III 
E 17 8280 FLIP 116.8229 III 
E 18 8363 FLIP 118.7061 III 
E 19 8360 FLIP 116.7525 III 
E 20 8394 FLIP 117.8289 III 
E 21 8368 FLIP 115.9864 III 
E 22 8397 FLIP 116.9237 III 
E 23 8392 FLIP 119.9478 III 
E 24 8317 FLIP 118.8431 III 
F 1 8358 FLIP 113.6219 II 
F 2     
F 3 8401 FLIP 113.9302 II 
F 4 8403 FLIP 116.9376 III 
F 5 8407 FLIP 116.9631 III 
F 6 8413 FLIP 114.5527 II 
F 7 8278 FLIP 115.4819 III 
F 8 8291 FLIP 114.0835 II 
F 9 8418 FLIP 119.0337 III 
F 10 8377 FLIP 118.0449 III 
F 11 8308 FLIP 113.5633 II 
F 12 8385 FLIP 115.8438 III 
F 13 8387 FLIP 115.2349 III 
F 14 8400 FLIP 118.4637 III 
F 15 8405 FLIP 118.5678 III 
F 16 8406 FLIP 117.8251 III 
F 17     
F 18     
F 19     
F 20     
F 21     
F 22     
F 23     
F 24     
F 25     
F 26     
F 27     
F 28     
F 29     
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F 30 8409 FLIP 118.3779 III 
G 1     
G 2     
G 3     
G 4     
G 5     
G 6     
G 7     
G 8 8408 FLIP 114.6491 II 
G 9 8412 FLIP 116.1043 III 
G 10 8410 FLIP 116.1858 III 
G 11 8415 FLIP 115.9348 III 
G 12 8361 FLIP 117.5843 III 
G 13 8382 FLIP 114.1485 II 
G 14     
G 15     
G 16     
G 17     
G 18     
G 19     
G 20     
G 21     
G 22     
G 23     
G 24     
G 25     
G 26     
G 27     
G 28     
G 29     
G 30     
G 31     
G 32     
G 33     
G 34     
G 35     
G 36         

 

* Element type classification is based on average depletion.  Type I (not used), 
type II (14.5%), type III (12.0%), type IV (8.0%).
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