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ABSTRACT 

 
Nuclear fuel operates in an extreme environment that induces complex nonlinear multiphysics 

phenomena.  This multiphysics behavior is often tightly coupled, a well-known example being the 
thermomechanical interaction as the gap between fuel and clad closes in LWR fuel rods.  Fuel 
performance simulation codes must obtain solutions for the thermal and solid mechanics physics and the 
coupling between them.  We define solution strategies for solving systems of coupled equations as 
loosely-coupled, where the individual physics are solved separately, keeping the solutions for the other 
physics fixed at each iteration, and 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 computational performance and results of loosely and 
tightly coupled solution algorithms for a single fuel pin including thermal and mechanical contact, which, 
due to the relationship between gap size and fuel centerline temperature, is the source for strong 
interdependence between thermal and mechanics solutions.  The results of these comparisons indicate that 
loosely coupled simulations require significantly more nonlinear iterations and may lead to convergence 
issues as the gap between fuel and clad closes.  We also show how loosely coupled solution strategies 
perform better in problems that do not have a strong two-way connection between thermal and 
mechanical response using a comparison of tightly and loosely-coupled thermomechanics simulations of a 
reactor pressure vessel.  

 
INTRODUCTION 

 
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 the 
individual physics. 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. 

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 
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there is strong two-way feedback between the physics, that approach can have an unacceptably slow 
convergence rate and is more likely to encounter convergence difficulty. 

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 approach is that it necessitates 
tighter coordination between the codes 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. 

Similar work presented by Novascone et al. (2013) was primarily focused on two simple 
thermomechanics problems with thermal and mechanical contact.  In this paper, we present realistic 
simulations of a single LWR fuel pin for both tightly coupled and loosely coupled strategies.  The 
difficultly in obtaining converged solutions of fuel-clad interaction problems is considerable, mainly due 
to the complexity of the fuel and clad material models and the degrading thermal conductance of the gap 
due to fission gas release. 

 
BISON FUEL PERFORMANCE CODE 

 
The Jacobian-Free Newton Krylov (Knoll and Keyes, 2004) 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. Instead, 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. 

 The Idaho National Laboratory (INL) is developing a next-generation nuclear fuel performance 
analysis code called BISON (Williamson et al. 2012). BISON is built on INLs Multiphysics Object-
Oriented Simulation Environment (MOOSE) (Gaston et al. 2009), 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 
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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 

 ρ𝐶!
𝜕𝑇
𝜕𝑡

+ ∇ ∙ 𝐪 − 𝐸!𝐹 = 0 (1) 

where t, T , ρ and CP are the time, temperature, mass density and specific heat, respectively, Ef is the 
energy released in a single fission event, and 𝐹 is the volumetric fission rate. 𝐹can 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 𝐹can be replaced with volumetric power.  

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

 ∇ ∙ 𝝈 + 𝜌f = 0 (2) 

where, σ  is the Cauchy stress tensor and f is the body force per unit mass. 
On interfaces between solid bodies, BISON enforces thermal 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: 

 ℎ!"# = ℎ! + ℎ! + ℎ! . (3) 

In Equation 3, hgap is the heat conductance across the gap and is the summation of gas conductance hg, 
solid-to-solid contact conductance hs, and radiative conductance hr.  The details of how these individual 
conductance components are calculated are explained in Williamson et al (2012).  It is important to note 
here that the form of gas conductance, hg, is 

 ℎ! =
𝑘
𝑑
   (4) 

where k is the thermal conductivity of the gas in the gap and d is the gap distance.  This is the source of a 
strong nonlinearity as d approaches zero and k decreases.  It is the mechanism by which the thermal and 
mechanics solutions are coupled. 

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 (Equations 1 and 2) 
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, keeping the solid mechanics solution fixed, and then uses JFNK to solve just the solid 
mechanics equations, keeping the thermal solution fixed. For the solutions of these individual physics 
problems, nonlinear iterations are repeated until the convergence tolerance is reached.  After each physics 
is solved, the residual in the other physics is calculated.  The loose coupling iterations are repeated until 
that residual is below the loose coupling convergence tolerance. The same nonlinear tolerance is used for 
both the loose and tight coupling cases. As long as the tolerances are sufficiently tight (small), the results 
from the two approaches are effectively the same.   
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FUEL PERFORMANCE PROBLEM DESCRIPTION 
 
Tightly and loosely coupled strategies are evaluated using a 2D axisymmetric simulation of a 

short section of a LWR fuel pin.  The assumed geometry, shown in Figure 1, includes ten individual UO2 
pellets, Zr-4 cladding, an initial 80 µm pellet-clad gap, and an open region to simulate the upper plenum.  
A uniform convective boundary at the clad outer wall simulates heat transfer to the flowing coolant. 
Typical PWR operating conditions were used, as given in Table 1. The rod power is assumed to rise 
linearly over three hours and is then held constant for 3.2 years. An axial power profile was applied to the 
fuel to demonstrate this capability, which would be applicable for a full-length rod. A typical finite 
element mesh consisting of linear quadrilateral elements is also shown in Figure 1.  The finite element 
mesh for this study had 18710 elements (7 elements through the clad thickness, 22 elements radially and 
64 elements axially for each pellet). 

 
Figure 1. Fuel pin model description of geometry, materials, mesh, and boundary conditions. 

 
Table 1: Simulation input parameters. 

 
Linear average power (W/cm)     200 

Fast neutron flux (n/m2s)     9.5E17 

Coolant pressure (MPa)     15.5 

Uniform coolant temperature (K)     530 

Coolant convection coefficient (W/m2K)     7500 

Rod fill gas     Helium 

Fill gas initial pressure (MPa)     2.0 

Initial fuel density     95% theoretical 
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Fuel densification     1% theoretical 

Burnup at full densification (MWd/kgU)     5 
 

The thermal conductivity of the fuel was simulated using the temperature and burnup dependent Fink-
Lucuta approach (Lucuta et al. (1996)).  The Young’s modulus, Poisson’s ratio, and thermal expansion 
coefficient for the fuel were assumed constant at 219 GPa, 0.345, and 10E-6 (1/K) respectively, as given 
in Olander (1976). The thermal conductivity, Young’s modulus, Poisson’s ratio, and thermal expansion 
coefficient of Zr-4 were assumed constant at 16 W/m K, 75 GPa, 0.3, and 5.0E-6 (1/K) respectively, 
using typical values from MATPRO (Allison et al. (1993)).  Mechanical contact between the fuel and clad 
was assumed frictionless. 

Much more detailed information regarding the material models used and detailed results of this 
problem can be found in Williamson et al. (2012).  The main emphasis here is to briefly compare some 
results and computational cost for the tight and loose coupling strategies. 

The primary solution variables for the loose and tightly coupled simulations were slightly 
different between the loose and tightly coupled approaches.  A representative axisymmetric temperature 
contour plot is shown in Figure 2.  The images are slightly scaled (enlarged in the radial direction) for 
clarity. 

 
Figure 2. Axisymmetric temperature contour plot at 3.2 years.  Simulation results (temperature, 

displacement) were slightly different for the loosely (left image) and tightly (right image) coupled cases. 
 
In the early stages of the simulation, before mechanical contact was established, the two 

simulations were almost identical.  As mechanical contact was established, slight differences began to 
appear in the solutions, and these differences accumulated over time.  As mentioned previously, the 
solution is highly dependent on the behavior of the thermal and mechanical contact.  The solution 
differences are likely due to the cumulative effects of very small differences in the contact solution over 
many time steps.  

Plots of iteration counts were generated to assess the difference in computation costs between the 
tightly and loosely coupled approaches.  The tightly coupled nonlinear iteration count, loosely coupled 



 
22nd Conference on Structural Mechanics in Reactor Technology 

San Francisco, California, USA - August 18-23, 2013 
Division III 

iteration count, average number of nonlinear iterations per loose iteration, and product of loose iterations 
and the average number of nonlinear iterations per loose iteration (resulting in the total number of loosely 
coupled nonlinear iterations) are shown in Figure 3.  The total number of nonlinear iterations is much 
higher for the loosely coupled case.  This leads to a corresponding increase in solution time.  The tightly 
and loosely coupled cases ran in about 3 and 5 hours respectively on a workstation using 8 processors 
(18710 linear eight-node elements in the mesh). 

There are a few other interesting points to note regarding Figure 3.  One is that the fuel clad gap 
closes (at the center of the fuel column) at time step number 68.  This corresponds to an increase in the 
number of tightly-coupled nonlinear iterations and a decrease in the number of loosely-coupled nonlinear 
iterations.  This behavior is somewhat unexpected, but may be due to the interaction of mechanical and 
thermal contact, and differences in how those models respond with tight and loose coupling strategies.  
Any differences would lead to differing primary solution results and may explain the differences in 
iteration count between the loose and tight coupling strategies.  This point will be further investigated in 
the future.   

Also notable is a steep increase in the number of loosely coupled nonlinear iterations at the end of 
the simulation.  This is likely due to the rapidly increasing fission gas release at this point in the 
simulation.  The loosely coupled approach is known to have more difficulty in achieving convergence as 
the gap is closing and the thermal conductivity in the gap is decreasing due to increasing fission gas 
release (Novascone et al. (2013)).  This was evident when an attempt was made to further tighten the 
tolerances.  The tightly coupled approach successfully obtained a converged solution, while the loosely 
coupled approach did not  

 
Figure 3. Iteration count for tight and loose coupling strategies during the single fuel pin simulation. 
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REACTOR PRESSURE VESSEL PROBLEM DESCRIPTION 
To demonstrate the iteration count when the physics of a problem are not as strongly connected, 

results from a simulation of a reactor pressure vessel under pressurized thermal shock conditions are 
shown.  A 3D finite element mesh (with symmetric boundary conditions) of a typical PWR reactor 
pressure vessel was used, with spatially uniform temperature and pressure histories applied to the interior 
surfaces.  Tightly and loosely coupled strategies were employed and nearly identical results were obtained 
for the primary solution variables (temperature and displacements).  A representative result in the form of 
temperature contour plots at the critical point in the loading history is shown in Figure 4.   

 
Figure 4.  Temperature contour of reactor pressure vessel.  Primary solution results were the same 

for the loosely and tightly coupled cases. 
 
The iteration count for the tightly and loosely coupled approaches is shown in Figure 5.  One 

important difference between the fuel pin problem and the reactor pressure vessel problem is the number 
of loosely coupled iterations per time step.  As shown in Figure 3, there were many loose iterations per 
time step for the fuel pin problem.  In the reactor pressure vessel problem, however, there is exactly one 
loose iteration per time step.  So, the number of nonlinear iterations per time step can be compared 
directly for the loose and tight cases.  The iteration count in Figure 5 demonstrates, as expected, that when 
the physics of the problem aren’t strongly interconnected a loosely coupled approach is faster.  The 
loosely coupled simulation took about 15 hours compared to about 48 hours for the tightly coupled 
simulation.  The finite element mesh had 106705 linear eight-node elements.  Each problem was run 
using 160 processors.  Applying the tightly coupled strategy to this loosely coupled problem resulted in 
some convergence trouble.  An increase in convergence tolerance was necessary to obtain a converged 
solution. 
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Figure 5.  Nonlinear iteration count for reactor pressure vessel. 

CONCLUSION 
 
Coupling strategies for solving thermomechanics equations were investigated by analyzing 

simulation results and computational costs from tightly coupled and loosely-coupled approaches to a 
single fuel pin simulation and a reactor pressure vessel simulation. The results indicate that when thermal 
and mechanical contact are strongly connected, such as during fuel-clad gap closure, loosely coupled 
simulations require significantly more nonlinear iterations.  This is especially true as fission gas release 
increases and degrades the thermal conductance of the gap.  It was also observed that interactions 
between thermal and mechanical contact and how those models respond with different coupling strategies 
may lead to small differences in gap size and a corresponding difference in temperature results.  We plan 
more investigation. 

As a counter example, it was demonstrated that when the thermal and mechanics solutions are 
weakly connected, such as in a reactor pressure vessel simulation, there are far fewer iterations when 
employing the loosely coupled approach.   

Selecting the appropriate strategy for the simulation can save significant computation time.  
Furthermore, it was observed that when mismatching coupling strategy to the physical problem being 
simulated (a tightly coupled approach to a loosely coupled problem, or vice versa), convergence issues 
were encountered, and increasing the convergence tolerance was required to achieve a converged 
solution.  This is likely related to the fact that the tightly coupled system is larger and more difficult to 
solve in general. 
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