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ABSTRACT

The behavior of nuclear fuel in the reactor environment is affected by multiple physics, most notably

heat conduction and solid mechanics, which can have a strong influence on each other. To provide

credible solutions, a fuel performance simulation code must have the ability to obtain solutions for each

of the physics, including coupling between them. Solution strategies for solving systems of coupled

equations can be categorized as loosely-coupled, where the individual physics are solved separately,

keeping the solutions for the other physics fixed at each iteration, or tightly coupled, where the

nonlinear solver simultaneously drives down the residual for each physics, taking into account the

coupling between the physics in each nonlinear iteration. In this paper, we compare the performance of

loosely and tightly coupled solution algorithms for thermomechanical problems involving coupled

thermal and mechanical contact, which is a primary source of interdependence between thermal and

mechanical solutions in fuel performance models. The results indicate that loosely-coupled simulations

require significantly more nonlinear iterations, and may lead to convergence trouble when the thermal

conductivity of the gap is too small. We also apply the tightly coupled solution strategy to a nuclear fuel

simulation of an experiment in a test reactor. Studying the results from these simulations indicates that

perhaps convergence for either approach may be problem dependent, i.e., there may be problems for

which a loose coupled approach converges, where tightly coupled won’t converge and vice versa.

Key Words: coupled multiphysics, fuel performance

1. INTRODUCTION

Nuclear fuel operates in an extreme environment that induces complex interactions between physical

phenomena. To understand the behavior of the nuclear fuel/cladding system in light water reactors (LWRs),

it is important to be able to accurately model the key physics involved, including interactions between

them. For modeling the performance of fuel at the engineering scale, the main physics of interest are heat

conduction and solid mechanics. These physics can have a strong influence on each other, particularly

during closure of the gap between the fuel and the cladding.

Numerical methods for the implicit solution of the partial differential equations that describe physical

phenomena typically lead to the solution of a system of discretized equations. If multiple coupled physics

are included in a model, the set of equations to be solved includes degrees of freedom from all of these

physics.

The strategies used to solve coupled sets of physics equations can be generally categorized as loose

coupling and tight coupling. In loose coupling, the individual physics in a coupled problem are solved

individually, keeping the solutions for the other physics fixed. After a solution is obtained for an individual

physics, it is transferred to other physics that depend on it, and solutions are obtained for those physics.
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These fixed-point iterations are repeated until convergence is obtained. If there is not a strong two-way

feedback between the physics involved, convergence can be obtained quickly with a minimal number of

loose-coupling iterations. An advantage of this approach is that it allows for independent codes to be

coupled with relatively minor modifications to those codes, and they can each use their own solution

strategies that are tailored for their solution domain. The disadvantage of loose coupling is that if there is

strong two-way feedback between the physics, that approach can have an unacceptably slow convergence

rate.

In tight coupling solution methods, a single system of equations is assembled and solved for the full set of

coupled physics. The nonlinear iterations operate on the full system of equations simultaneously, taking

into account the interactions between the equations for the coupled physics in each iteration. In cases

where there is strong coupling between the physics, this approach can have faster convergence rates than

loose coupling. The primary disadvantage of this is approach is that it necessitates tighter coordination

between the code to solve the individual physics.

In thermomechanical problems, in the absence of evolving contact between components, the coupling

between the heat conduction and solid mechanics equations is often primarily one-way. The temperatures

obtained from the heat conduction equations cause thermal strains, which result in displacement of the

mechanical model. These displacements typically have a negligible effect on the thermal model, and such

problems can be readily solved using loose coupling strategies, or even by transferring data from a thermal

code to a solid mechanics code and completely neglecting the effect of the mechanical solution on the

thermal solution.

Introducing evolving mechanical and thermal contact to thermomechanical problems transforms them from

being essentially one-way coupled problems to strongly two-way coupled problems. This is because the

conductance across gaps between adjacent bodies is highly dependent on the distance between those

bodies, which is a function of the solid mechanics equations. Because the fuel system used in LWRs relies

on heat transfer across the evolving fuel/cladding gap, the ability to solve the strongly coupled thermal and

mechanical equations in the presence of evolving contact conditions is critical for a successful fuel

performance modeling code. In this paper, we present a comparison of the behavior of loose and tight

coupling solution strategies in the presence of evolving contact on basic thermomechanical models, and

demonstrate the performance of a tight coupling strategy for solution of a realistic LWR nuclear fuel

problem, with a full set of material models.

2. BISON FUEL PERFORMANCE CODE

The Jacobian-Free Newton Krylov [1] method has emerged as a powerful technique to facilitate the tightly

coupled solution of multiphysics problems. As its name implies, this technique uses Newton’s method to

simultaneously solve the full system of nonlinear equations, including all coupling terms. In contrast to the

traditional Newton’s method, however, the system tangent matrix is not constructed in JFNK. A Krylov

method is used to perform linear iterations to form the search direction vector that is used in each nonlinear

iteration. Krylov methods only require the action of the tangent matrix on a solution vector, and do not

require the tangent matrix to be constructed. This facilitates multiphysics coupling because it enables the

tightly coupled solution of the coupled equations without constructing the full system tangent matrix,

which can be very difficult. An approximation of the coupled system matrix can be used as a

preconditioner for the Krylov method, but it does not need to be the exact matrix.
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The Idaho National Laboratory (INL) is developing a next-generation nuclear fuel performance analysis

code called BISON [2]. BISON is built on INLs Multiphysics Object-Oriented Simulation Environment

(MOOSE) [3], which is a massively parallel finite element-based framework used to solve general systems

of coupled nonlinear partial differential equations. For the reasons outlined above, BISON and MOOSE

use JFNK to solve systems of equations in a tightly-coupled manner.

BISON solves tightly-coupled systems of partial differential equations for the physics involved in nuclear

fuel, which can include energy, species diffusion, and momentum conservation. BISON uses the finite

element method to spatially discretize these equations and solve the weak form of these equations. This

work focuses on methods for solving the equations of energy and momentum conservation. The energy

balance is given in terms of the heat conduction equation

ρCp
∂T

∂t
+∇ · q− Ef Ḟ = 0, (1)

where T , ρ and Cp are the temperature, density and specific heat, respectively, Ef is the energy released in

a single fission event, and Ḟ is the volumetric fission rate. Ḟ can be prescribed as a function of time and

space, input from a separate neutronics calculation, or computed based on input rod average power and

axial profile data. Alternatively, Ef and Ḟ can be replaced with volumetric power. The heat flux is given as

q = −k∇T, (2)

where k denotes the thermal conductivity of the material.

Momentum conservation is prescribed assuming static equilibrium at each time increment using Cauchy’s

equation,

∇ · σ + ρ f = 0. (3)

where σ 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.

On interfaces between solid bodies, BISON enforces thermal and mechanical contact using a node on face,

master-slave algorithm. A geometric search is performed to find the face on the master surface onto which

each node on the slave surface is projected. Heat transfer across the gap is based on the gap conductance,

which can be calculated using either a simplified or detailed model, both of which are used in this paper.

In the simplified model, gap conductance, hgap is calculated as:

hgap = kg/g, (4)

where kg is the gas conductivity and g is the gap distance, which is the greater of the actual gap and a

user-specified minimum gap value, which prevents a singularity as the gap closes.

A detailed model is typically used for fuel/cladding gap heat transfer in BISON:

hgap = hg + hs + hr (5)

where the gap conductance is calculated as a summation of components due to gas conductance, hg,

solid-to-solid contact, hs, and radiative heat transfer, hr. The details of how these individual components of

the gap conductance are calculated are explained in [2].
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Mechanical contact is enforced between interacting faces using a kinematic enforcement algorithm, which

strictly enforces a non-penetration condition between slave nodes and master faces when the contact force

between them is positive, and which releases the node otherwise. A penalty enforcement algorithm can

optionally be used instead for mechanical contact.

As mentioned previously, BISON by default solves this full set of equations in a tightly coupled manner

using the JFNK solution method. It is also possible to run BISON in a loosely-coupled mode in which a

series of fixed-point, loose coupling iterations are taken to solve the full set of coupled equations. This

facilitates a comparison of the two solution strategies.

When run in a loose-coupling mode, in each loose coupling iteration, BISON first uses JFNK to solve just

the thermal equations, and then uses JFNK to solve just the solid mechanics equations. These loose

coupling iterations are repeated until the residuals of both of these physics are below a user-prescribed

tolerance. The same tolerance is used for both the loose and tight coupling cases. As long as the tolerances

are sufficiently tight, the results from the two approaches are effectively the same.

3. THREE DIMENSIONAL BEAM EXAMPLE

3.1. Problem Description

The first problem we present is general three-dimensional thermomechanics with thermal and mechanical

contact. The domain is two geometrically identical rectangular blocks. The dimensions of the blocks are 1

meter in height and width, and 5 meters long. One block is situated 0.25 meters above and offset

length-wise ( 1.25 meters) from the other block. The blocks are shown in Figure 1.

5 m 1 m 

1 m 

0.25 m 

1.25 m 

Figure 1. Mesh schematic of beam problem.

The finite element mesh consists of fully integrated linear eight-node brick elements, which of course have

only translational displacement, and thermal degrees of freedom. The upper block is cantilevered at the far

end while the lower block is fixed from translating in any direction at the bottom surface. The blocks are

assigned an elastic modulus of 1e6 Pa, Poisson’s ratio of 0.3, coefficient of thermal expansion of 20e-6/K,

and thermal conductivity of 1 W/m-K. Note, however, that the bottom half of the top block is assigned a

coefficient of thermal expansion of 100e-6/K. The simplified gap conductance model was used with a

thermal conductivity of 0.05 W/m-K, and a minimum gap size of 5e-5 meters.

Initially, each block is free of loading and at a temperature of 100 K. The cantilevered boundary condition

of the top block is prescribed to move down 0.25 meters, in the direction of the bottom block during 16 one

second time steps. The temperature of the bottom surface is increased from 100 K to 1000 K during the

first 8 seconds of this simulation. Thermal and mass inertial effects are ignored.
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3.2. Results

The purpose of setting up this problem in this way is to make it difficult to solve. As the top block

approaches bottom block, the gap conductance increases, allowing more and more heat to transfer from the

bottom block to the top block. However, as the top block approaches the bottom block, the large thermal

expansion of the top block forces the top block to bend away. A contour plot of the temperature results are

shown in Figure 2(b). Side views for the beginning of the simulation and the end are shown in Figures 3(a)

and 3(b).

(a) (b)

Figure 2. Pre-solve overall problem depiction (a). Temperature contour plot at the end of the simula-
tion (b).

(a) (b)

Figure 3. Side view of problem before simulation(a). Side view of temperature contour plot at the end
of simulation(b).

The overall point of this simulation (and this paper) is to demonstrate the differences between tightly and

loosely coupled multiphysics simulations. The differences between the primary variables (displacements

and temperatures) were negligible. The differences in number of iterations and ultimately wall-clock time

were very different between the two simulations. The difference in number of iterations is shown in Figure

4. There are a few things to consider when viewing Figure 4. One is that (except for the first time step) the

number of loose coupling iterations is always larger than the number of tight coupled nonlinear iterations.
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Also, the total number of iterations for the loosely coupled case is the number of loose coupled iterations

multiplied by the average number of nonlinear iterations per loose coupled iterations. For example, in the

first time step, the total number of tight coupled nonlinear iterations is four. On the other hand, the total

number of loose coupled iterations is 4 multiplied by ≈6 nonlinear iterations, or ≈24 total iterations. In

other words, the loose coupling approach took nearly six times as many iterations as the tightly coupled

counter part. At solution step 8, the number of loose and tight iterations basically doubles. This is probably

because the gap conductance is increasing as the top block approaches the bottom block and because the

bottom surface of the bottom block has reached the maximum prescribed temperature of 1000 K. Also note

how the number of iterations (for both tight and loose) increases at the very last step, which is due to the

fact that the blocks make contact at that point in time. Differences in wall clock time seemed to be

consistent with the iteration count differences, where the tight coupled simulation took about 100 seconds,

the loose coupled simulation took about 500 seconds.
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Figure 4. Iteration plot showing that more iterations are required for loose-coupling simulations.
Note that the total number of iterations required for loose-coupling is the number of loose coupling
iterations multiplied by the average number of nonlinear iterations per loose coupling iteration.

3.3. Further Discussion of Results

Another aspect of these results that’s worth further discussion is whether or not convergence is achieved by

one approach or the other. When this simulation was first attempted, the tightly coupled approach didn’t

converge on the last time step, yet the loose couped approach did converge. Two alterations to the

simulation were necessary to achieve convergence in the tightly coupled case. The first was increasing the

minimum gap in the gap conductance equation from 1e-6 meters to 5e-5 meters. The effect of this change

reduces the 1/r nonlinearity of the gap conductance as the gap closes, limiting r (or gap size) to 5e-5

meters. The second was to use penalty-based mechanical contact rather than a kinematic constraint. For the

sake of consistency, the penalty contact algorithm and the increase in minimum gap size were also applied
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in the loosely coupled simulation.

4. SIMPLIFIED TWO DIMENSIONAL AXISYMMETRIC FUEL PELLET EXAMPLE

4.1. Problem Description

The second problem presented is more closely related to a LWR fuel performance simulation. However,

many of the typical features of a fuel performance simulation are ignored for the purpose of isolating the

thermo-mechanics-contact interaction behavior. For example, many of the complicated material models,

fuel relocation/smeared-cracking, and fission gas release are omitted.

The domain consists of a concentric cylinder (fuel pellet) and outer tube (clad). The fuel pellet is 0.0082

meters in diameter and 0.005 meters in length, the diametral gap is 200 μm, and the clad is 0.00056 m thick

and 0.008 meters in length. The problem is depicted (axis-symmetrically) in Figure 5.

0.005 m 

0.0041 m 

100 m 

0.008 m 

0.00056 m 

Figure 5. Mesh schematic of fuel problem.

The finite elements are fully integrated linear four-node elements. Note that these elements have no

bending degrees of freedom, only translational and thermal. The mesh is constrained from moving in the

x-direction along the symmetry axis. The bottom-left corner node of the fuel is constrained from moving in

the vertical, or y-axis direction. The entire bottom surface of the clad is prevented from moving in the

vertical direction. The temperature at the outer surface of the clad is held at a constant 600 K.

The thermal conductivity of the fuel and clad are 3 and 16 W/m-K respectively. The elastic modulus of the

fuel is 2e11 Pa, the Poisson’s ratio is 0.345, and the coefficient of thermal expansion is 10e-6/K. The elastic

modulus of the clad is 7.5e10 Pa, Poisson’s ratios is 0.3, and the coefficient of thermal expansion is 5e-6/K.

These are typical material parameters for UO2 and Zr-4. As in the previous example, the simplified gap

conductance model was used. The thermal conductivity of the gap is 0.3 W/m-K, and the minimum gap

size is 1e-6 meters. The material properties for this simulation are presented in Table I.

A volumetric power is applied to the fuel, which begins at zero and linearly ramps to 3.8e8 W/m3 in 200

seconds. During the power ramp, the fuel thermally expands, heat is transfered across the gap to the clad,

and the fuel eventually contacts the clad and forces the clad to displace outward in the radial direction.

Thermal and mass inertial effects are ignored.

7/12



Novascone et al.

Table I. Fuel and clad material properties.

Fuel Clad

Elastic Modulus (Pa) 2.0e11 7.5e10

Poisson’s Ratio 0.345 0.3

Coefficient of Thermal Expansion (K−1) 1.0e-5 5.0e-6

Thermal Conductivity (W/m-K) 3.0 16.0

4.2. Results

A contour plot for the temperature field variable is shown in Figure 6(b).

(a) (b)

Figure 6. Model before simulation (a). A temperature contour plot and the end of the simulation (b)

To demonstrate the differences between tight and loose coupling, iteration count vs. solution step is shown

in Figure 7. Here, we see a similar result to that of the previous section, where there are many more

iterations for the loose coupled approach. Note that the loose coupling iteration almost monotonically

increases until about half-way through the simulation. This is where mechanical contact first occures. The

decrease in the gap size (and thus increase in gap conductance) has stopped changing, and may explain

why the iteration count decreased. After contact, the loose iteration count continues to increase, and the

tightly coupled nonlinear iteration count also increases for two of the steps. The increase in iteration count

is probably due to mechanical contact and sliding of the fuel relative to the clad. The mechanical contact

was modeled as frictionless for this case, but it’s still a difficult problem to solve sliding surfaces. Mesh

convergence was also investigated, where the number of elements in the fuel and clad were increased

significantly, resulting in only negligible changes to the solution.

4.3. Further Discussion of Results

Convergence issues were encountered for the loosely coupled approach for this LWR fuel-like simulation.

The loosely coupled simulation didn’t converge on the last time step if the gap conductivity was below 0.3

W/m-K, where the tightly coupled approach converged. In fact, the tightly coupled case converged with

gap conductivity much lower than 0.3. For reference, the thermal conductivity of helium at temperatures

typcial of LWR fuel is about 0.3 W/m-K. As fission gas is released into the plenum, the overall thermal
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Figure 7. Iteration plot showing that more iterations are required for loose-coupling simulations.
Note that the total number of iterations required for loose-coupling is the number of loose coupling
iterations multiplied by the average number of nonlinear iterations per loose coupling iteration.

conductivity decreases. This means that convergence issues may be encounted when simulating a fuels

problem with fission gas release when using the loosely coupled approach. The issue of achieving

convergence when solving a loosely coupled nuclear fuels problem has also been investigated using

FALCON, the Electric Power Research Institute fuels performance code developed by ANATECH [4].

5. TIGHTLY COUPLED SIMULATION OF A RISØ FISSON GAS PROJECT “BUMP TEST”
EXPERIMENT

To provide context for iteration count and solution time, results from a realistic tightly coupled fuels

performance simulation are presented. We chose to simulate the Risø GE7 [5] experiment, which was one

of the FUMEX-III priority cases [6]. More detailed information about this experiment and simulation can

be found in this 2012 TopFuel conference paper [7].

5.1. Problem Description

Figure 8(a) is a schematic of the GE7 ZX115 rod segment, which contained 72 fuel pellets. The rod was

modeled assuming 2D-RZ axisymmetry with each pellet considered separately (discrete pellet mesh).

Figure 8(b) shows a zoomed-in region of the finite element mesh showing a few fuel pellets and the

neighboring clad. Quadratic finite elements were used.

Displacement boundary conditions, pressure loading inside and outside the fuel rod, and coolant boundary

conditions consistent with the experiment report were applied. The detailed gap heat transfer model
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(described previously) was used for thermal contact. Typical base irradiation was followed by a bump test

where power was increased and the axial power profile was bisased toward the bottom of the fuel pin. This

resulted in the fuel expanding and permanently deforming the clad.

The complexity of this problem is much greater than the previous problems described here. Fuel models

include swelling, creep, relocation, and fission gas release. Clad models include combined creep and

plasticity. Many of these models are functions of temperature, burnup, and fast neutron flux.

The final rod diameter results are shown in Figure 9(a). Permanent clad deformation during the bump test

is observed over roughly the bottom two-thirds of the rod. The high frequency oscillation in the BISON

curve is a result of ridges formed in the cladding at pellet-pellet interfaces due to the hourglass shape of the

pellets. Note that the amplitude of the ridges compare very well with that observed experimentally. The

commonly observed “bamboo” profile along the clad length is obvious in Figure 9(b) which shows radial

displacement contours on a short section of the deformed clad. Each displacement peak (red zone)

corresponds to one of the peaks in the BISON predicted rod diameter curve in Fig. 9(a). Also included in

Figure 9(a) are results from the well known fuel performance code ENIGMA.

Zr-2 clad 

He fill gas 
(0.29 MPa) 

110 m gap 

UO2 fuel 

radius 
expanded 6x 

(a) (b)

Figure 8. (a) Schematic of the GE7 ZX115 fuel rod segment and (b) zoomed region of the axisymmetric
finite element mesh showing a few pellets and the neighboring clad.

The nonlinear iteration history for the Risø GE7 simulation is shown in Figure 10. Due to the complexity

and duration of this problem, many time steps are taken and there are nominally 5 nonlinear iterations per

step. During contact and during the power ramp, there are as many as 10 nonlinear iterations. Referring to

the results of the first problem presented in this work, the ratio of loosely coupled to tightly coupled wall

clock time was about five. The wall clock time to finish the Risø simulation was about 3 hours, so an

estimate of wall clock time to solve this same problem with the loosely coupled approach is 15 hours.
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Figure 9. (a) BISON post-bump rod diameter predictions compared to measurements and ENIGMA
calculations. (b) Clad radial displacement contours for a short section of cladding. The radial mesh is
scaled 2X and the displacements magnified 30x to improve visualization.
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6. CONCLUSIONS

The importance of solving equations that represent nuclear fuels performance in a tightly-coupled approach

was investigated by presenting results from tightly-coupled and loosely-coupled simulations. The results

indicate that loosely-coupled simulations require significantly more nonlinear iterations. Also, studying the

results from these simulations has lead to speculation that convergence for either approach may be problem

dependent, i.e., there may be problems for which a loose coupled approach converges, where tightly

coupled won’t converge and vice versa. Additionally, simulating a real nuclear fuels problem tightly

coupled requires many nonlinear iterations. Attempting such a problem with a loosely coupled approach

would at best take much longer than the tighly coupled counter part, and at worst may be time-cost

prohibitive, or may not converge when the thermal conductivity of the fission gas is too low.

ACKNOWLEDGMENTS

The submitted manuscript has been authored by a contractor of the U.S. Government under Contract

DE-AC07-05ID14517. Accordingly, the U.S. Government retains a non-exclusive, royalty free license to

publish or reproduce the published form of this contribution, or allow others to do so, for U.S. Government

purposes.

The authors thank Derek Gaston from INL for supporting development of the loosely coupled approach in

MOOSE, Dion Suderland from ANATECH and Robert Montgomery from PNNL for their useful

discussions about nuclear fuel simulations.

REFERENCES

[1] D. A. Knoll and D. E. Keyes, “Jacobian-free Newton-Krylov methods: a survey of approaches and

applications,” J. Comput. Phys., 193, no. 2, pp. 357–397, 2004.

[2] R. Williamson, J. Hales, S. Novascone, M. Tonks, D. Gaston, C. Permann, D. Andrs, and

R. Martineau, “Multidimensional multiphysics simulation of nuclear fuel behavior,” J. Nucl. Mater.,
423, pp. 149–163, 2012.

[3] D. Gaston, C. Newman, G. Hansen, and D. Lebrun-Grandié, “MOOSE: A parallel computational
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