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ABSTRACT

The MOOSE based reactor physics tool MAMMOTH provides the capability to seamlessly
couple the neutron transport application RATTLES NAKE to the fuels performance application
BISON to produce a higher fidelity tool for fuel performance simulations. The ultimate purpose
of this coupling is to provide a tool with the predictive capabilities to gain new knowledge and
help resolve fundamental questions in the fuel performance arena, i.e. high-burnup structures,
pellet-cladding interaction, missing pellet surface, etc. RATTLES NAKE solves the self-adjoint
angular flux transport equation, derived from the linearized Boltzmann transport equation, and
provides a sub-pin level resolution of the multigroup neutron flux. BISON solves the coupled
thermomechanical equations for the fuel on a sub-millimeter scale. The coupling within the
MOOSE framework allows both applications to solve their respective systems on aligned and
unaligned unstructured finite element meshes. MAMMOTH uses the power density calculated
by RATTLESNAKE to compute the local burnup evolution. Subsequently, MAMMOTH trans-
fers the power density and burnup distribution to BISON with the MOOSE Multiapp transfer
system. BISON in turn is able to provide sub-pin level temperature for cross section feed back
effects. Multiple depletion cases were run with one-way and two-way data transfer in MAM-
MOTH for RATTLESNAKE-BISON. The one-way eigenvalues obtained show good agreement
with the reference values obtained from the lattice physics code DRAGON4 while the two-way
eigenvalue show expected differences. The power distributions obtained are consistent with
both DRAGON4 and the SERPENT Monte Carlo code. The one-way and two-way calculations
produce power density results that are comparable with those of the internal, static, Lassmann-
style model in BISON. Differences in the power densities arise from the use of better neutron
energy deposition parameters obtained from the DRAGON4 tabulations, and differences in the
fuel temperature arise from a different thermal expansion models in the fuel.
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1. INTRODUCTION

Fuel performance codes are often used to analyze low enriched Light Water Reactor (LWR) fuel
as it is burned in the reactor. For low enriched fuels, the 2*3U is converted to 2*’Pu by neutron
capture; this occurs because >**U has a strong absorption resonance at 6.68 V. The >*Pu is also
converted into heavier plutonium isotopes with the absorption of more neutrons. The plutonium
isotopes act as extra fissile material on the outer edge of the fuel pin, resulting in an increase in
the fission rate density relative to the inner region of the fuel pin, and contribute significantly to
the fuel rod power at higher burnup [!]. The increase in the fission rate density is often called
the neutronic rim effect [2, 3]. The neutronic rim effect is significant not only due to the extra
fission occurring on the surface of the fuel pin, but also due to the self-shielding by the plutonium,
which depresses the fission rate density in the inner region of the fuel pin. To account for this
effect, fuel performance codes usually have an empirical radial power distribution derived with
parameters obtained numerically from transport codes such as HELIOS or MCNP [2, 4, 5] or have
parameters fitted from reactor experiments [6]. The current internal models in the fuel performance
codes have a number of limitations. The models assume that the power density distribution is
separable into azimuthal, axial, and radial components where the radial distribution is supplied by
the methods mentioned above. These models are derived from conditions in which the neutron flux
is slowly varying in space and energy such as the quasi-steady state conditions used in depletion
calculations [2, 3]. Finally, these models do not account for temperature feedback, coolant density
feedback, or other reactor elements such as water holes or different fuel elements which affect the
neutron flux distribution [7-9].

An attempt to address these limitations has been investigated in prior work, where the radiation
transport applications are coupled to fuel performance applications [ 0—13]. The PLUTON deple-
tion code [ 10] was coupled to the fuels performance code FEMAXI [14] and assumes three energy
groups for the scalar flux. A point source transport model in the radial direction is used to calculate
the epithermal flux distribution for the resonance structure, but similar to the internal models of fu-
els performance codes, a diffusion based analytic solution is used for the radial power distribution.
Also similar to the internal models of fuels performance codes, this flux distribution is applied only
in the radial direction; unlike the internal models, the microscopic cross sections are temperature
dependent. Despite the temperature dependent cross section physics PLUTON still has some of the
limitations outlined for the internal fuel performance models.

Moreover, the Deterministic Core Analysis based on Ray Tracing (DeCART) application [15] was
coupled to the finite element fuels performance application BISON [16] to create a combined ap-
plication [12]. For this coupling the power density rate was mapped from finite volume type mesh
in DeCART to finite element mesh in BISON with a point mapping scheme that does not preserve
the total power of the fuel pin. A correction to the power density must be made to preserve the total
power of the fuel pin and in some cases could result in a significant alteration of the mapped power
density [12]. The temperature profile calculated in BISON was mapped back to DeCART by com-
puting the average temperature for each DeCART finite volume region on the BISON finite element
mesh. For this coupling the temperature feedback was observed to change the pin eigenvalue when
compared to a similar calculation with an assigned fuel temperature and require only one Picard
iteration. This coupling overcomes a number of the limitations for the internal fuel performance
models, but poor choices in the meshing can cause problems in getting higher fidelity solutions.

2/18 PHYSOR 2014 - The Role of Reactor Physics toward a Sustainable Future
Kyoto, Japan, September 28 - October 3, 2014



COUPLING OF NEUTRON TRANSPORT TO NUCLEAR FUELS PERFORMANCE

Also DeCART is made specifically for LWR analysis and can only treat pin cell geometries.

Furthermore, the core analysis applications DeCART and the Purdue Advanced Reactor Core Sim-
ulator (PARCS) [17] were coupled to the finite element fuels performance code FALCON [18] to
examine a reactivity insertion in the core [11]. For these couplings the DeCART/PARCS power
density was mapped either onto a axisymmetric (r,z) or radial plane (r,0) FALCON finite element
mesh. The fidelity of the different mappings of the power distribution were not discussed. Calcula-
tions were performed to obtain the strain energy density during the reactivity insertion. Differences
were found between the DeCART pin resolved calculations and the PARCS nodal homogenized cal-
culations, and neither calculation resulted in a strain energy density above the critical strain energy
density. For this coupling, limitations include the 2-D nature of FALCON since only (r,z) or (r,0)
calculations can be performed. Other problems include the fidelity of temperature feedback since
the neutronics temperature distribution and the fuel performance temperature distribution appear
to be separate.

In addition, the transport code Denovo was coupled to the Advanced Multi-Physics Nuclear Fuel
Performance program (AMPFuel) [13]. Denovo solves the steady state neutron transport equation
with the discrete ordinates (Sy) method on a Cartesian mesh [19] and AMP solves the thermome-
chanical equations on unstructured mesh. The coupling between codes was achieved by mapping
the power density from Denovo to AMPFuel. The power density, calculated on a structured mesh
by Denovo, was reconstructed in AMPFuel with Zernike polynomials [20]. A limitation of this
coupling is the structured Cartesian mesh must be very fine to resolve the cylindrical pin geometry
for practical LWR applications, and this method of coupling has been achieved only with fresh fuel
under steady state conditions.

Given the limitations discussed above for this important problem, alternate neutronic and fuel per-
formance simulation software was chosen for coupling. RATTLESNAKE is a 3D finite element
based neutron transport application developed using the Multiphysics Object Oriented Simulation
Environment (MOOSE) [21], and solves the Self-Adjoint Angular Flux (SAAF) formulation of the
neutron transport equation using the Jacobian-Free Newton Krylov (JFNK) method [22]. Because
RATTLESNAKE is under the MOOSE framework, RATTLESNAKE can solve the SAAF trans-
port equation on a given structured or unstructured finite element mesh. This flexibility allows
RATTLESNAKE to solve the SAAF transport equation on light water reactor pin resolved grids
and other reactor geometries as well.

BISON is a 3D finite element based fuel performance code also developed on the MOOSE frame-
work [16]. BISON implicitly solves coupled thermomechanical equations over the domain of a
single fuel rod using the JFNK method [22]. BISON includes models for: thermal and irradiation
creep in the fuel and cladding, swelling and densification, gap heat transfer, and the gap and plenum
pressure. BISON also can model the thermal and mechanical contact between the fuel and cladding.
The coupling of RATTLESNAKE and BISON provides a multiphysics tool for fuel performance
analysis that is more consistent with first principle physics and that has higher spatial resolution
than any other code system currently available. This new multiphysics capability is developed un-
der a new MOOSE-based reactor physics application named MAMMOTH. MAMMOTH is able to
provide to BISON a spatially detailed description of the power density, fast neutron flux, and bur-
nup distribution throughout the fuel lifetime based on the RATTLESNAKE flux solution. BISON
provides MAMMOTH with a detailed and accurate pin level temperature field for feedback effects
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on the neutron flux distribution.

2. GOVERNING EQUATIONS OVERVIEW

In the two sections below, the governing equations for fuel performance and neutronics are briefly
overviewed and discussed. Due to length, only the mono-energetic form of the second order trans-
port equation with isotropic scattering is given. The description of the full equation with the meth-
ods applied in solving the equation can be found in the literature [2 1, 23-27].

2.1. OVERVIEW OF THE GOVERNING EQUATIONS IN RATTLESNAKE

The self-adjoint angular flux (SAAF) formulation of the linear Boltzmann transport equation with
the continuous finite element method (CFEM) for the spatial discretization, with the discrete or-
dinates method (Sy) for the angular discretization, has been studied in the past [23—26]. It has
the angular flux as the direct unknowns in contrast to the even-odd parity formulations. This dis-
cretization scheme, referred to as SAAF-SN-CFEM in this paper, is classified as a second-order
transport scheme [23] because of the order of its streaming operator with respect to the spatial
variable. Compared with other transport discretization schemes, it offers some advantages which
are quite appealing for multiphysics simulations where massively parallel computing over the het-
erogeneous domain is generally desired [27]. The SAAF form of the transport equation used in
RATTLESNAKE can be derived from the first order Boltzmann form of the transport equation
[23]. The monoenergetic self-adjoint angular flux transport equation with position 7 in the solution
domain D and streaming direction ) on the two-dimensional unit sphere S is

—6-@W+mf:Z&qui_ﬁﬁ(i"s”miﬁ). (1)

o 7 47 oy 4m oy 4m

where o, is the total cross section and o, g is the isotropic scattering cross section. The source S
includes the higher scattering moments as well as the fission source. The dependent variable W is
the angular flux and the scalar flux ® is the integral of angular flux over the sphere S,

B(7) = / W (F, §)de, 2)
47

where d$) = dudw; p is the cosine of the polar angle and w is the azimuthal angle. The surface-
source and the reflective boundary conditions for the transport equation are as follows:

w (7, G) = ine(7, ), 7, € OD*
b (7, Q,), 7€ oD
for Q- 7, < 0,

3)

where 0D indicates the boundaries of the solution domain D and 77, is the outward unit vector at
a point 7, on the boundary. The superscript s and r indicate the surface source boundary and the
reflective boundary respectively. The reflective angle is

Q. = O —2(Q - 1) 7. (4)
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When the in-coming angular flux ¥**¢ is equal to zero, the surface-source boundary condition is
known as the vacuum boundary condition. These notations are standard and are found in most
textbooks, such as Ref. [28]. An additional condition on the down-wind boundaries is needed to
make the solution of the continuous SAAF Eq. 1 unique. This condition is typically to let the
solution satisfy the original first-order transport equation.

A macro depletion scheme was implemented to track the change in the local cross sections as the
fuel is burned. The cross sections in the SAAF equation are functions of space, energy, temperature,
and burnup. The cross sections are pretabulated for different temperature and burnup values and
are interpolated at the local temperature and burnup. The cross section values are precalculated
from codes such as SERPENT or DRAGON4 [29, 30].

2.2. OVERVIEW OF THE GOVERNING EQUATIONS IN BISON

The BISON governing equations consist of fully-coupled partial differential equations for energy,
species, and momentum conservation. The energy balance is given in terms of the heat conduction
equation

aT .
where T', p and C,, are the temperature, density and specific heat, respectively, Ey is the energy

released in a single fission event, and F' is the volumetric fission rate. The heat flux is given as
q= —kVT, (6)

where k denotes the thermal conductivity of the material. F' can be prescribed as a function of
time and space, input from a separate neutronics calculation (such as RATTLESNAKE), or com-
puted based on input rod average power and axial profile data. The internal fission source model
in BISON can be specified by the different functions in the MOOSE library or by separate radial,
axial, azimuthal, and temporal functions [16]. The product of these functions specifies the fission
rate density over the BISON mesh. The axial and temporal variation in fission rate density can be
obtained from a set of linearly interpolated data, and the radial variation of the fission rate density
can be determined from the internal Lassmann model [6]. Momentum conservation is prescribed
assuming static equilibrium at each time increment using Cauchy’s equation,

V-o+pf =0, (7)

where o is the Cauchy stress tensor and f is the body force per unit mass (e.g. gravity). The
displacement vector u, which is the primary solution variable, is connected to the stress field via
the strain, through kinematic and constitutive relations. The constitutive relationships for the fuel
and clad can be functions of neutron fast flux, temperature, and burnup [16].

3. PROBLEM DEFINITION

The modelling of the inter-pin radial profile due to the *Pu buildup during the burning of the fuel rod
is a challenging problem for both fuels performance and neutronics calculations. A thin layer of *Pu
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(a) RATTLESNAKE Mesh. (b) BISON Mesh.

Figure 1: The fine mesh for the neutronics and fuels performance. The regions are FUEL: RED,
CLADDING GREEN, GAP: YELLOW and WATER: BLUE.

builds and burns on the fuel pin’s outer surface due to the absorption of epithermal neutrons. For
a detailed analysis at the pin level, the absorption cross sections for the fuel pin must be spatially
resolved at the fuel pin outer edge, and a high order representation or a finely resolved mesh at
the rim are generally needed to better model this effect [12]. To show that RATTLESNAKE can
simulate the rim effect, a quarter fuel pin in the (r, ) plane was modelled neutronically. Two
different meshing strategies are examined to track the buildup of the plutonium layer. An equal
volume mesh has the mesh radius distribution based on dividing the total fuel pellet area into twenty
equal area rings. The edge-refined mesh has five equal volumes from the pin center to 0.32766 cm
(0.8 times the fuel radius) and fifteen equal volumes distributed between 0.32766 cm and 0.409575
cm to better describe where the high burnup structure developes. In the coupled calculations, the
fuel, gap, cladding and water are meshed in RATTLESNAKE while only the fuel and cladding are
meshed in BISON. The set of fuel parameters are listed in Table I, and graphics of the fine ring
distributed mesh is shown in Figure 1.

3.1. PREPARATION OF THE NEUTRON CROSS SECTIONS

In order to perform a transport solution with reasonable fidelity for a pin problem, a set of cross sec-
tions that include the resonance self-shielding effects are required. The external code DRAGON4 [30)]
is used in this study to prepare self-shielded macroscopic cross sections, since MAMMOTH does
not currently include this capability. The self-shielding calculation employs the Subgroup Projec-
tion Method (SPM) to compute moment-based probability tables instead of the traditional multi-
band tables [3 1]. Different geometry tracking files are used for the self-shielding and flux solutions,
with the latter having higher spatial resolution, as shown in Figures 2a and 2b. The geometry in-
cluded in these figures shows the various azimuthally independent depletion zones as described
above. Both the self-shielding and flux solutions are performed with the SHEM [32] 295 energy
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Table I: The initial fuel pin parameters.

Parameter Value

Fuel Pin Radius 4.09575 (mm)
Fuel Pin Initial Temperature 600 (K)
Outer Cladding Thickness 0.5715 (mm)

Initial Gap Thickness 0.08255 (mm)
UO, 4.45 wt.
Cladding Initial Temperature 600 (K)
Water Temperature 585 (K)

Pitch 12.5984 (mm)
Linear Heat Rate 19.2 W/m

(a) Self-shielding calculation. (b) Flux calculation.

Figure 2: DRAGON4 geometric regions used to prepare self-shielded cross sections.

group structure. The flux solution is obtained using the Method of Characteristics (MOC) with
specular reflection and an angular quadrature parameter of 18 with 140 angular integration lines
per centimeter. The cross sections are then spatially homogenized for each of the fifteen radial
rings and condensed in energy to eight coarse energy groups. After this step, an equivalence su-
per homogenization (SPH) technique [33] is used to prepare SPH-corrected cross sections. The
pin is depleted with a 4th order Kaps-Rentrop time algorithm with the nominal state point. At
each depletion step a number of fuel temperature branch cases with flat temperature distributions
are computed to generate the temperature dependent cross sections. This approach is not ideal,
because the flat temperature distribution tends to overestimate the resonance capture in the fuel
periphery, and, consequently, tends to bias the cross sections in the outer fuel region. Nevertheless,
this effect is expected to be negligible for this simulation. A tabulation is created for each ring with
its local burnup and the fuel temperatures.
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3.2. COUPLING UNDER MAMMOTH

Because of different mesh requirements, RATTLESNAKE and BISON are coupled through op-
erator splitting. The reactor physics management application named MAMMOTH controls the
execution of RATTLESNAKE and BISON through the MOOSE MultiApp system. MAMMOTH
integrates the various MOOSE based applications and controls the depletion and core management
tasks. The scalar fluxes in each energy group, the power density, and fission rate density for the
various core components are calculated with RATTLESNAKE, and the thermomechanical effects
of each fuel pin are calculated with BISON. MAMMOTH uses the power density distribution from
RATTLESNAKE to calculate burnup on each region of the fuel pin and transmits the individual
fuel pin information to the corresponding BISON application. BISON receives the information
and calculates the temperature distribution and the mechanical effects of the fuel pin. In a one way
coupling, the information is calculated and transmitted by MAMMOTH to the individual BISON
applications. In a two way coupling, the BISON transmits the temperature distribution of each fuel
pin back to MAMMOTH. The depletion step is controlled by MAMMOTH at a set of depletion
points. A staggered once-through scheme is applied to the temperature cross section feed back from
each fuel pin for the two way coupling. The fuel zone temperature in the fuel pin from the previous
depletion step is applied to the current calculation of the cross sections.

Furthermore, there are different transfer functions inside the MOOSE MultiApp system. To avoid
alteration of the power density as required in a previous coupling effort [ 12], the power density and
the burnup values were mapped from RATTLESNAKE application to BISON application with ele-
ment averaged values, and the neutronics and fuels performance meshes were identically meshed in
their respective domains. The element mapping allows the values to be exactly reproduced from the
RATTLESNAKE mesh to the BISON mesh. Some fidelity is lost going from a finite element nodal
value to an element average value for power density and burnup, but the total power in the pellet is
preserved. For the two way depletion calculation, the elemental power density and the elemental
burnup values were mapped from RATTLESNAKE to BISON, and the nodal values temperatures
were mapped from BISON back to RATTLESNAKE for evaluation of the cross sections in the fuel
and cladding. The temperature for the water and gap are held constant by RATTLESNAKE in the
two way calculation.

4. RESULTS

This section is subdivided into two parts. The first portion deals with the verification of the cross
sections obtained from DRAGON4 to ensure that the codes produce consistent solutions. The
second details the results from the coupled calculations both from the one way coupling and the
two way coupling. In both sections the burnup is given in Effective Full Power Days (EFPD).
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4.1. CROSS SECTION AND DEPLETION VERIFICATION

In order to verify the consistency of the macroscopic cross section libraries, a number of steady state
calculations were performed at fixed temperature and fixed pin burnup. The results for the nominal
case are included in Figure 3. There is good agreement between DRAGON4 and MAMMOTH.

The results show a similar reactivity swing over the first 550 EFPDs of approximately 100 pcm for
both non-SPH and SPH corrected croge cectiong Ac evnectad the SPH carracted croce ceactinne

pro
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(a) Infinite multiplication factors. (b) Reactivity swing.

Figure 3: Verification of the cross sections obtained from a steady state calculation with and without
SPH corrections at various global burnups and a nominal fuel temperature of 944.18 K.

The MAMMOTH depletion capability was verified by running a depletion to 550 EFPD tracking
the local burnup in the 20 rings and using the nominal fuel temperature. The results shown in
Figure 4 indicate that the capability works well and is consistent with the DRAGON4 reference
solution. Note that for these runs the local ring burnup was calculated and the cross sections were
interpolated with this value. Therefore, the main difference arises from variability in local burnup
from both codes.

One of the purposes of this study is to replace the fixed power density distribution currently used
in BISON with a power density distribution from a direct transport solution on a similar mesh.
The current BISON fixed fission rate density model is based on the energy deposition from fission
events and does not include all of the energy deposited in the pin by neutrons through other inter-
actions, which might be important to resolve the high-burnup structure. DRAGON4 provides a set
of energy production coeflicients that are based on the mass balance of the neutron reaction, with
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Figure 4: Verification of the cross sections obtained from the depletion capability with and without
SPH corrections and a nominal fuel temperature of 944.18 K.

the exception of fission. Using these energy production coefficients will, therefore, include the en-
ergy carried by gamma rays and other secondary particles. In order to verify the DRAGON4 power
distribution, it was compared to a Monte Carlo reference calculation obtained with the SERPENT
code [29]. Unfortunately, SERPENT does not currently have the capability to generate heating co-
efficients; therefore, the comparison was performed using the ?*>U kappa values in SERPENT and
the kappa values from the various isotopes in DRAGON4, shown in Figure 5. In addition, the power
density distribution obtained with the DRAGON4 energy production coefficients is also included.
The results show that the power density distribution based on the kappa values from DRAGON4
and SERPENT are consistent. The energy production coefficient values from DRAGON4 (shown
as KERMA) yield an increase in the power density near the periphery of the pin, where the high-
burnup structure develops. The neutron capture events at the periphery increase the energy depo-
sition in this region of the pin by 2.5%, while lowering it in the region near the center of the pin.
Some of this energy is due to gamma rays. This effect will need to be quantified with more detailed
neutron Kinetic Energy Released in Matter (KERMA) coeflicients and a coupled gamma solution.

4.2. COUPLED RESULTS

The initial pin eigenvalues and radial power distribution are calculated and compared against Monte
Carlo to check the resolution of the two mesh strategies as well as the fidelity of the resolved cross
sections. Table II shows the pin critical eigenvalue for the two ring meshing strategies for an in-
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Figure 5: Comparison of DRAGON4 and SERPENT power density distributions.

Table II: RATTLESNAKE computed pin initial eigenvalues for fuel temperature at 1000K.

Angular Quadrature Order Equal Volume Mesh Edge-refined Mesh

Sa 1.29753 1.29742
S4 1.29397 1.29386
Ss 1.29234 1.29223
Si2 1.29237 1.29227

creasing number of level symmetric angles. The eigenvalue calculated by SERPENT Monte Carlo
for this problem is 1.29339. The eigenvalue calculated by DRAGON4 for the even ring mesh is
1.293382 and for the edge-refined mesh is 1.293294. Table II shows that both meshing strategies
are a little over one hundred pcm the SERPENT Monte Carlo eigenvalue for a sufficiently resolved
angular quadrature due to the group condensation and space homogenization on generating the pre-
tabulated macroscopic cross sections. Figure 6 shows the initial power distribution for both meshing
strategies and the converged number of level symmetric angles. In this figure the mesh with subdi-
vided equal areas is labeled Equal and the edge boundary with the finely resolved mesh is labeled
as Fine. This Fine mesh produces power distributions that are similar to those obtained with the
Equal mesh, but it will result in an improved solution for the neutron capture rate and the modeling
of the rim effect, since it dominates the first millimeter of fuel. As show by Table II and Figure 6,
the Sg level symmetric quadrature is sufficient to capture the inter pellet power distribution.

Figure 7 shows the reactivity curve obtained from the MAMMOTH one way calculation with a
fixed fuel temperature of 600K and 1000K. For the two way MAMMOTH calculation, the feed-
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Figure 6: Initial power density distributions for SERPENT Monte Carlo and RATTLESNAKE with

the two different meshing strategies. The S order is the order of the level symmetric quadrature
set.
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back temperature is provided by BISON. The pin is burned with the fine mesh for approximately
one cycle. The code system reasonably reproduces the DRAGON4 pin eigenvalues during the de-
pletion for the one way calculation. The eigenvalues are different for the the two way calculation
and are between the 600K and T000K eicenvalnes For the two wav calenlation. the average fuel
temperature varies the local
burnup, since the n

1 . 35 T I T I T I T I T I T I T
i ® DRAGON4 600K
SRS ® DRAGON4 1000K ——
j MAMMOTH 600K ONE WAY
4 ! e—e MAMMOTH 1000K ONE WAY
) [N MAMMTOH TWO WAY ]
¢ | | | | | |
0 I I I E I I

1.25

keff

1.2

1.15

50 100 150 200 250 300 350
Burnup [EFPD]

1.1
0

Figure 7: The pin eigenvalue as vs. Burnup. The type of coupling is listed for the MAMMOTH ap-
plication, and the neutronic fuel temperature is listed for the one-way MAMMOTH and DRAGON4
results.

Results for the one way and two way coupling are shown in Figure 8, and are labled as such. As
described previously, in the one way calculation only the elemental power density and the elemental
burnup values are mapped from RATTLES NAKE to BISON. For the two way depletion calculation,
the elemental power density and the elemental burnup values are mapped from RATTLESNAKE
to BISON, and the temperatures are mapped from BISON back to RATTLESNAKE for evaluation
of the cross sections.

In Figure 8 the power density and temperature for the fuel pellet are plotted along the diagonal at
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Figure 8: The power density and the fuel pin temperature along the diagonal of the fuel pellet at
350 effective full power days.

350 effective full power days. The Lassmann results were obtained from a pure BISON calcula-
tion where the fission distribution was radially specified according to the radial Lassmann model
distribution [6]. For these simulations, only the thermal expansion models are applied to the fuel
pellet and cladding for expansion and deformation. The MAMMOTH power density distributions
are slightly lower than the Lassmann density distribution towards the center of the fuel pellet and
slightly higher towards the outer rim of the fuel pellet. The slight difference in power densities
gives a MAMMOTH fuel pellet peak temperature that is slightly lower than the peak pellet temper-
ature calculated with the BISON internal Lassmann style model, as would be expected. The step or
shelf patterns in the MAMMOTH one way and two way results are from plotting elemental average
values in the meshed rings of the fuel pellet.

In addition, the MAMMOTH one way and MAMMOTH two way calculations have the same power
density, as shown in Figure 8a, but have different pin eigenvalues, as shown in Figure 7. The fission
and absorption rates are similar in shape but different in magnitude for the one way and two way
quasi-steady state pin eigenvalue calculations. The fission rate is scaled to produce the specified pin
power, and the scaling produces power densities that are identical for this single infinite pin case.

S. CONCLUSIONS

The Sy-SAAF formulation for RATTLESNAKE is in agreement for the pin power density and
eigenvalues when compared to SERPENT Monte Carlo and DRAGON4 calculations. For the quar-
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ter infinite lattice fuel pin examined, Sg gave sufficient agreement, and both the power density and
burnup were mapped by MAMMOTH with the MultiApp system in 2-D R-6 geometry. The macro
depletion also produced pin eigenvalues that were in near agreement with DRAGON4, and power
density and temperature distributions that are comparable with those from the internal BISON
Lassmann model.

In addition, the comparable results indicate that one way and two way coupling are feasible under
the MOOSE finite element setting. Different quantities such as power density, temperature, and
burnup can be communicated between the fuel resolved transport mesh and the fuels performance
mesh through the MOOSE MultiApp system. Unlike previous couplings, the transfers can preserve
the total rod power on LWR pin resolved meshes and can be applied to a number of different 2-D
and 3-D fuel resolved calculations beyond LWR type fuels.

Furthermore, radiation transport codes with the ability to solve on unstructured meshes can pro-
duce reaction rates that are comparable to the current internal fuels performance models. Both are
able to resolve the high burnup structure; however, the radiation transport code has the additional
advantage taking into account local assembly element effects such as control rods and water holes
and local temperature feedback effects such as fuel to cladding contact on the high burnup struc-
ture. The combined radiation transport and fuel performance package will allow greater extension
as less benign conditions are modelled and the assembly elements are taken into account. Fuel per-
formance codes can in turn inform neutronics about the effects of different fuel phenomena such as
pellet clad interaction and missing pellet surface defects.

Future work includes extending this study for implicit two way coupling, as well as extending the
mechanical physics to include irradiation deformation in the clad. The coupling will be applied
to 2-D and 3-D problems that have fuel rods composed of discrete, smeared, and missing surface
pellets, and to problems that examine the effects of assembly elements such as water holes and
control rods. Future work will also include adding the capability to do micro-depletion for the fuel
resolved models. These atomic densities will enable better thermal conductivity models calculated
from microstructure evolution with the MOOSE application MARMOT [34] and fission gas release
models in BISON.
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