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ABSTRACT 
 

The 3D neutron transport and core analysis program DeCART was coupled to the fuels 
performance application BISON to provide a higher fidelity tool for fuel performance simulation.  
This project is motivated by the desire to couple a high fidelity core analysis program (based on 
the method of characteristics) to a high fidelity fuel performance program, both of which can 
simulate 3D problems. DeCART provides sub-pin level resolution of the multigroup neutron flux, 
with resonance treatment, during burnup or a fast transient. BISON implicitly solves coupled 
thermomechanical equations for the fuel on a sub-milimeter level finite element mesh. A method 
was developed for mapping the fission rate density and fast neutron flux from DeCART to 
BISON. Multiple depletion cases were run with one-way data transfer from DeCART to BISON. 
The one-way data transfer of fission rate density is shown to agree with the fission rate density 
obtained from an internal Lassman-style model in BISON.  One-way data transfer was also 
demonstrated in a 3D case in which azimuthal asymmetry was induced in the fission rate density 
profile of a fuel rod modeled in DeCART. Two-way data transfer was established by mapping the 
temperature distribution from BISON to DeCART. A Picard iterative algorithm was developed for 
the loose coupling with two-way data transfer.  
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1. INTRODUCTION 
 
Fuel performance programs must model a complex multiphysics environment. The 
themomechanical stresses in the fuel and cladding are driven by the neutron flux and fission rate 
density distributions.  As fuel is burned in a nuclear reactor, the outer edge of the fuel pin 
experiences a steep increase in the fission rate density over time. This fission rate density 
increase occurs because U238 is converted to PuX isotopes by the capture of epithermal neutrons; 
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it is known as the neutronic rim effect.  Most fuel performance codes have purely empirical 
radial power distributions or an empirical function fitted with parameters derived numerically 
from transport codes such as HELIOS or MCNP [1] [2] [3] [4] to account for this effect. 
 
These models have a number of limitations.  They only represent the neutron flux and power 
density in the radial direction and have no azimuthal or axial dependence. They are derived from 
conditions in which the neutron flux is slowly varying in space and energy (i.e. the models do 
not apply to rapid transients). Finally, these models do not account for temperature or coolant 
density feedback, which affects the neutron flux distribution. 
 
An attempt to address these limitations has been investigated in prior work, where the radiation 
transport program Denovo was coupled to the Advanced Multi-Physics Nuclear Fuel 
Performance program (AMPFuel) [5]. Denovo solves the steady state neutron transport equation 
with the discrete ordinates (SN) method on a Cartesian mesh and AMP solves the 
thermomechanical equations on unstructured mesh.  The coupling between codes was achieved 
by sending the power density from Denovo to AMPFuel. The power density, calculated on a 
structured mesh by Denovo, was reconstructed in AMPFuel with Zernike polynomials [5].  A 
limitation of this coupling is the structured Cartesian mesh must be very fine to resolve the 
cylindrical pin geometry for practical LWR applications. Moreover, 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 
performance simulation software was chosen for coupling.  The DeCART (Deterministic Core 
Analysis based on Ray Tracing) 3D neutron transport program has been validated as a core 
analysis tool [6] [7] [8].  DeCART solves the neutron transport equation using the Method of 
Characteristics (MOC) in the radial plane and it solves the neutron diffusion equation in the axial 
direction. This type of 2D/1D scheme has been shown to be very effective for LWR applications 
[8].  The DeCART mesh explicitly represents the cylindrical fuel pin geometry, uses a subgroup 
method for resolving neutron capture resonances with fuel temperature feedback, and performs 
fuel depletion calculations.  These capabilities enable DeCART to capture the neutronic rim 
effect at the fuel rod’s outer edge, which is important for fuel performance analysis. 
 
BISON is a 3D finite element based fuel performance code developed on the MOOSE 
framework [9].  BISON implicitly solves coupled thermomechanical equations over the domain 
of a single fuel rod using the Jacobian-Free Newton Krylov (JFNK) method [10]. 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 DeCART 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.  DeCART is able to provide to BISON a spatially detailed description of the fission 
rate density and fast neutron flux throughout the fuel lifetime; in the future, DeCART will be 
able to provide fuel isotopics as well.  BISON provides DeCART with a detailed and accurate 
temperature field for feedback effects on the neutron flux distribution. 
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2. BACKGROUND 
 
2.1. The Neutronic Rim Effect 
 
As mentioned previously, the neutronic rim effect is the steep increase of the fission rate density 
at outer edge of the fuel pin. For low enriched fuels, the U238 is converted to Pu239 by neutron 
capture; this occurs because U238 has a strong absorption resonance at 6.68 eV.  The Pu239 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 [11]. The rim effect is important 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. The rim 
effect is expected to significantly affect the thermomechanical behavior of the fuel. 
 
2.2. Overview of DeCART 
 
A complete description of the numerical methods, physical models, and governing equations in 
DeCART can be found in the theory manual [12]. For depletion simulations, DeCART solves the 
axially integrated, steady state neutron transport equation [12] using the planar method of 
characteristics (MOC) [13] [14]. In the algorithm employed by DeCART, the two dimensional 
radial transport solution is obtained from the heterogeneous MOC calculation, with the axial 
leakage represented as a source term. The axial coupling is resolved by employing a nodal 
expansion method (NEM) kernel [6] [12]. The planar MOC solution is then used to generate cell-
homogenized cross sections for use in the subsequent 3-D coarse mesh finite difference (CMFD) 
calculations. The cross sections used in the MOC kernel include resonance effects, as calculated 
by the subgroup method [12]. DeCART can also track the change in the isotopic content of the 
fuel and cladding via its depletion solver. The isotopic content is tracked separately for each 
volumetric node in the DeCART mesh.  
  
2.3. 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. 
 
 

 
(1) 

 
where , , and   are the temperature, density and specific heat, respectively,  is the energy 
released in a single fission event, and  is the fission rate density. The fission rate density can be 
prescribed by an outside neutronics calculation (such as DeCART), an internal source, or read 
from a file.  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 
[9]. 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 
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interpolated data, and the radial variation of the fission rate density can be determined from the 
internal Lassmann model [11].  The heat flux in Eq. 1 is 
 

  (2) 
where  denotes the thermal conductivity of the material, which is a function of burnup and 
temperature.  The momentum conservation is prescribed assuming static equilibrium at each time 
increment using Cauchy’s equation 
 

  (3) 
 
where  is the Cauchy stress tensor and  is the body force per unit mass (e.g. gravity). The 
displacement field u, which is the primary solution variable, is connected to the stress field via 
the strain field through a constitutive relation.  The constitutive relationships for the fuel and clad 
can be functions of neutron fast flux, temperature, and burnup [9]. 
 

3. DATA MAPPING SCHEMES AND COUPLING METHODS 
 
All simulations are performed by representing a fuel pin with two distinct, spatially overlapping 
domains in DeCART and BISON, because the solvers employed by the two programs require 
different types of meshes. In the DeCART domain, dependent variables (i.e. fission rate density 
and fast neutron flux) are calculated as volume-averaged values for each volumetric node in the 
mesh. In the BISON domain, dependent variables are represented as point values on the finite 
element mesh. Due to this discrepancy between the two domains, special considerations must be 
made when mapping data from one domain to the other.  
 
3.1. Mapping Data from DeCART to BISON 
 
At this point in the development of DeCART/BISON, a simple mapping method is used. Fig. 1 
shows an example of this method with representative cross sections of meshes used in BISON 
and DeCART. Data is mapped from DeCART to BISON by determining the DeCART 
volumetric node in which the BISON finite element node resides. If multiple BISON nodes 
reside in the same DeCART volumetric node, they receive identical data. One issue with this 
type of mapping is that it does not preserve the fuel pin power after fission rate density has been 
mapped to BISON. This is compensated for by a power normalization factor, which ensures that 
the total rod power remains the same as that specified in DeCART. This power normalization 
factor is the ratio of the fuel pin power specified in DeCART to the pin power calculated in 
BISON; the pin power is calculated in BISON by integrating the fission rate density over each 
finite element and summing the results. The fission rate density in each node in BISON is then 
multiplied by the power normalization factor. 
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Figure 1. Illustration of the simple mapping scheme for data transfer from DeCART mesh 

to BISON mesh. 
 

 
3.2. Mapping Data from BISON to DeCART 
 
With two-way data transfer, temperature data is mapped from BISON to DeCART at each time 
step; this requires point-to-volume mapping, which is more complicated than volume-to-point 
mapping. To calculate an average temperature for a DeCART node, a volumetric average is 
performed over all BISON elements in contact with the DeCART node (including those elements 
which touch the edge of a DeCART region). 
 
3.3. The DUCK Executioner: Two-way Data Transfer 
 
Two-way data transfer, also known as loose coupling, is controlled by a MOOSE application 
named DUCK.  DUCK iterates between DeCART and BISON at each time step and handles the 
data transfer for each iteration. The iteration scheme is referred to as a Picard iteration, and is 
illustrated in Fig. 2. At this point in the development of DeCART/BISON, the Picard iteration 
was set at a limit of four iterations; this will change once sensible convergence criteria are 
developed. 
 

4. RESULTS 
 
Several preliminary results have been obtained from the current implementation of 
DeCART/BISON. The results were obtained for a UO2 fuel rod with Zircaloy-2 cladding. In the 
DeCART domain, the fuel rod is part of a fuel cell which includes a square coolant channel; in 
the BISON domain, only the fuel rod was modeled.  Table I shows the properties of the fuel cell. 
For all cases, the nodes on the outside of the cladding in the BISON domain were assigned a 
constant temperature of 580 K as a boundary condition. For one-way coupling (i.e. DeCART to 
BISON), the fuel and cladding were assigned constant temperatures in the DeCART domain, as 
listed in Table I. With two-way coupling, these temperatures were allowed to change over time in 
DeCART.  
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Figure 2. A flowchart for the current two-way coupling scheme for DeCART/BISON, as 
run by the DUCK executioner. 
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Table I. Sample fuel rod properties 
 

Property Value 
Rod height 3.66 m  
Fuel pellet radius 4.1 mm 
Radial gap width 0.08 mm 
Cladding thickness 0.57 mm 
Initial uranium enrichment 4% 
Rod power in DeCART 69.2 kW 
DeCART cladding temperature 580 K 
DeCART fuel temperature 847 K 
BISON outer cladding temperature 580 K 

 
 
4.1. Radial Meshing Studies with One-way Data Transfer 
 
Radial meshing studies are important because the radial mesh density in both DeCART and 
BISON determines how well the rim effect is captured.  Several depletion simulations were run 
with the fuel cell described in Table I. In DeCART, neutronically reflective boundary conditions 
were prescribed at the top and bottom of the cell so that the fission rate density had only radial 
dependence. Also, neutronically reflective boundary conditions were prescribed for each side of 
the coolant channel, making this an infinite lattice. Since there was no azimuthal dependence in 
the power density, BISON was run with a 2D RZ (i.e. axisymmetric) mesh composed of QUAD-
4 finite elements. Several simulations were run in which the fuel rod was modeled in BISON 
with 11 evenly spaced finite elements along the radial direction, between the fuel centerline and 
the fuel surface. All simulations were run with the fission rate density transferred from DeCART 
to BISON at each time step, with 5, 10, 20, 40, or 80 radial divisions in the fuel in the DeCART 
mesh. The fuel rod was depleted for one year in each run. The internal BISON Lassmann radial 
model was also calculated on a finer BISON mesh (22 elements radially) for comparison. Fig. 3 
shows the results of this study. 
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Figure 3. Fission rate density (left) and temperature (right) on a 2D RZ QUAD-4 BISON 

mesh. Fission rate density generated by either the Lassmann model or DeCART. The 
legend lists “Lassmann” or the number of radial divisions in the DeCART mesh. The fuel 

rod was burned for one year at steady operating conditions. 
 
 
This study shows that the fission rate density distribution mapped from DeCART is significantly 
different from that predicted by the Lassmann model in BISON, even though they have roughly 
the same shape. The mapped DeCART fission rate density increases at the fuel rod edge as the 
number of DeCART volumetric nodes is increased.  The higher fission rate density at the edge 
results in a higher overall power when translated to the BISON mesh, but the fission rate and 
power density are scaled to preserve the total rod power calculated by DeCART. This scaling 
results in a lower fission rate density across the fuel pin.  A finer QUAD-4 BISON mesh can be 
shown to better capture the higher fission rate density produced by DeCART.  This results in less 
of an adjustment of the fission rate density and temperature in the radial direction. 
 
Another study was performed in which the radial density of the BISON mesh was varied, rather 
than that of the DeCART mesh. The number of radial divisions in the DeCART mesh was fixed 
at 40. The spatial order of the BISON mesh was increased from linear (QUAD-4) elements to 
quadratic (QUAD-8) elements. Fig. 4 shows the results of this study. 
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Figure 4. Fission rate density (left) and temperature (right) on a 2D-RZ BISON mesh. The 

fission rate density data were generated by DeCART on a mesh with 40 radial divisions 
and mapped to a QUAD-8 mesh in BISON. The legend shows the number of radial 

divisions in the BISON mesh. The fuel rod was burned for one year at steady operating 
conditions. 

 
 
As shown in Fig. 4, increasing the mesh density of the higher-order elements along the radial 
direction in BISON allows the temperature profile to converge. This occurs because BISON is 
able to more accurately capture the fission rate density profile mapped from DeCART; however, 
only about 20 elements along the radial direction are required to accurately converge the 
temperature profile (see the right-hand plot). This means that the fission rate density profile from 
DeCART is accurately represented on the BISON mesh with 20 elements along the radial 
direction. It is possible to accurately represent the fission rate density in BISON with a mesh that 
is half as dense as the DeCART mesh due to the QUAD-8 elements. Each QUAD-8 element is 
able to capture the quadratic dependence of the fission rate density over its domain, providing a 
much higher-fidelity representation than the QUAD-4 mesh. 
 
4.2. Azimuthally Asymmetric 3D Simulations with One-way Data Transfer 
 
Several simulations were performed in which the dependent variables had azimuthal asymmetry 
of the neutron flux in DeCART. Eight fuel cells (all identical to the one described in Table I) 
were placed in an array around a water hole in the DeCART domain; see Fig. 5. Neutronically 
reflective boundary conditions were prescribed at each of the four sides, and zero incoming 
current neutronic boundary conditions were prescribed on the top and bottom boundaries. The 
fuel pins array was depleted in DeCART for one year.  A BISON calculation was performed 
with fission rate density mapped from the center-left pin in the 3x3 fuel cell array. Fig. 6 shows 
the asymmetry for the center-left fuel cell in Fig. 5 after depleting for one year. 
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Figure 5. DeCART domain with azimuthal variation in the fission rate density profiles of 
all fuel rods. Fuel pins are red. The central blue pin is a water hole. 

 
 
For this case, the fission rate density decreased near the centerline of the fuel rod as the fuel was 
depleted. To produce the same amount of total power, the fission rate density increased at the top 
and bottom of the fuel rod. This had an impact on the fuel temperature, as shown in Fig. 7. As 
the rod depleted, the maximum rod temperature decreased, and the local temperature maximum 
moved from the rod center to two maxima near the top and bottom of the fuel rod. 
 
 

 
Figure 6. Fission rate density for the center-left fuel rod in Fig. 5. The left pane shows a 
scaled full length rod. The fission rate density shown in the right pane is at the rod mid-
plane, along a left-right oriented line through the rod centerline. 
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Figure 7. Temperature distribution for the center-left fuel rod in Fig. 5. The left pane 
shows a scaled full length rod. The temperature distribution shown in the right pane is at 
the rod mid-plane, along a left-right oriented line through the rod centerline. 

 
 

4.3. Preliminary Results with Two-way Data Transfer 
 
A preliminary run with two-way coupling was performed using the Picard iteration, which is the 
algorithm illustrated in Fig. 2. This simulation was controlled by the DUCK executioner. In this 
case, the DeCART domain was axisymmetric, so the BISON domain was modeled with a 2D RZ 
mesh. Only one fuel cell was modeled; the details of this fuel cell may be found in Table I. Zero 
incoming current was prescribed as the neutronic boundary conditions at the top and bottom of 
the fuel cell in DeCART. As shown in Fig. 2, the Picard iteration was fixed at four iterations per 
time step. Table II shows data for each iteration during the final time step of the simulation (from 
0.986 to 1.014 years of burnup): keff (the eigenvalue of the neutron transport equation), the 
relative error in keff, and the L2 and L∞ norms of the relative error in the fission rate density (FRD) 
on the DeCART mesh. The relative error for the first iteration is based on the data calculated in 
the final iteration from the previous time step; the relative error for all other iterations is based on 
the data calculated in the previous iteration. 
 
keff converged very quickly for the final time step of this particular simulation, and both norms 
show a quick convergence of the fission rate density.  Additional cases have been run with two-
way data transfer which also demonstrated rapid convergence.  These studies are useful because 
they suggest that this particular two-way coupling scheme is feasible; however, further studies 
will be performed to test whether convergence is truly being achieved over the Picard iteration.  
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Table II. Convergence data for the Picard iteration on the time step from 0.986 to 1.014 
years of burnup in the simulation of a single fuel pin under steady operating conditions 

 
Iteration 
number keff 

Relative error 
in keff 

L2 norm of relative error 
in FRD 

L∞ norm of relative error 
in FRD 

1 1.168018 2.294 10-1 1.090 10-4 2.974 10-4 
2 1.168018 4.430 10-11 4.647 10-10 1.611 10-9 
3 1.168018 9.505 10-16 1.525 10-13 3.631 10-13 
4 1.168018 3.802 10-16 9.111 10-15 2.268 10-14 

 
 

3. CONCLUSIONS AND FUTURE WORK 
 
The fission rate density and fast neutron flux have been mapped from a DeCART volumetric 
mesh to a BISON finite element mesh in both 2D RZ and 3D geometry. Preliminary results 
indicate that a fine mesh is necessary in DeCART to capture the rim effect accurately; this is 
hypothesized based on comparisons with BISON’s internal Lassmann model. A fine radial mesh 
or a higher-order finite element mesh is necessary in BISON to converge the temperature profile 
properly. For the simple mapping method presented here, proper resolution of the radial power 
profile is necessary to prevent power density normalization (which is performed to preserve the 
total fuel pin power) from artificially lowering the fuel temperature. Considering these findings, 
it is important to ensure that the mesh in the radial direction resolves the radial power profile in 
both programs. Preliminary results show that it is possible to run BISON/DeCART in 3D in both 
simulation domains with azimuthal asymmetry in the fission rate density distribution. 
Preliminary results also suggest that two-way coupling is feasible and convergence may be 
achieved for depletion cases, but this must be investigated further. 
 
Near term future work will include the implementation of thermal-hydraulic boundary conditions 
which are consistent between DeCART and BISON, as well as an algorithm which compensates 
for the expansion of the fuel mesh in BISON (this is necessary because the DeCART mesh is 
static). Subsequently, the DUCK executioner will be improved by implementing more accurate 
mapping schemes for data transfer, as well as a more sophisticated time synchronization of the 
codes. A more extensive validation base will be developed to include an expanded set of single 
fuel pin problems and a 3D 3x3 fuel pin array. After the steady-state and depletion capability has 
been fully implemented, work will then continue on fast transient problems, which include 
reactivity insertion accidents (RIA) for both a 3x3 fuel pin array and eventually a 1/8th core 
PWR RIA. Future work will also include the coupling of BISON/DeCART to a computational 
fluid dynamics code to explicitly account for changes in the fluid properties. 
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