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Abstract

Solving finite element problems with friction often increases the level of difficulty to obtain properly converged solu-
tions. This type of challenge becomes more salient when advanced, possibly multiscale, material models are employed
to capture the thermomechanical behavior of fuel and cladding materials. The present work details our recent develop-
ments in a nuclear fuel performance finite element code for the systematic consideration of friction in nuclear reactor
finite element simulations. We show the application of friction and its effects on the mechanics of light-water reactor
rods accounting for various fuel constitutive modeling techniques, model dimensionalities, pellet assumed geometries,
and power conditions. In particular, we focus on the fuel rod mechanical behavior as it relates to fuel constitutive mod-
els, sensitivity to the coefficient of friction, pellet states of stress, and rod elongation. We discuss the trade-offs between
the various multidimensional modeling options and highlight the relevance of frictional effects in the prediction of the
fuel rod deformation and interfacial stresses. To relate our modeling results with actual reactor operation, simulations
including frictional effects are compared with fuel rod elongation experimental data and some challenges for carrying
out a full validation of the axial mechanics are discussed.
Keywords: Contact Mechanics, Friction, BISON, Pellet-Cladding Mechanical Interaction, Fuel Performance

1. Introduction

Pellet-cladding mechanical interaction (PCMI) plays
a significant role in the mechanical and thermal behav-
ior of nuclear fuel and cladding as rods undergo power
cycles. Fuel thermal expansion and swelling along with
cladding creep down eventually cause mechanical inter-
action at the fuel-cladding interface. This mechanical in-
teraction happens when the local gap between the fuel
outer surface and the cladding inner surface reaches zero.
In simple terms, a likely result of a closed gap is the over-
all axial extension or compression of the rod, which leads
to the abrupt linkage of the mechanical behavior of fuel
and cladding (i.e., both components axial motion takes
place in unison). Ensuing rod mechanical states will thus
be affected by the stress states induced by such mechani-
cal interaction. Fuel fracture and cladding creep phenom-
ena are influenced by the generation of radial (mostly in
the fuel) and hoop stresses, due to contact [1]. In addi-
tion, experiments show the effects of friction associated
with PCMI in the elongation of the fuel rod [2]. While
fuel rod elongation is an apparent consequence of friction
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on the interface, the internal stresses in fuel and cladding
may also be determined by frictional interface mechan-
ical interactions. As a consequence of pellet hourglass-
ing and friction, permanent ridges may also appear in the
cladding [3]. PCMI-induced failures, including the ef-
fects of friction, are reviewed in [4].

As the fuel and cladding models become more com-
plex and more physics are included (e.g. adding fuel creep,
and cracking effects) in the finite element model problem,
the resulting qualitative effect of PCMI on the state of
stress in the components of the fuel rod often gets more
difficult to intuitively predict. Physical aspects of nu-
clear fuel simulations, such as swelling, thermal expan-
sion, the various creep stages, fuel fragmentation, fuel
relocation, cladding ballooning, microstructure influence
on engineering-scale mechanics, and others, determine
the degree to which the relative axial and radial displace-
ment between fuel and cladding takes place. For this rea-
son, it is paramount to consider the effects of friction in
the presence of relevant material models. In this work, to
account for many of these effects, we use the finite ele-
ment nuclear fuel performance code BISON [5].

Nuclear fuel performance simulation software can gen-
erally account for engineering-scale physics that partici-
pate in the mechanical and thermal evolution of a fuel
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rod. Finite element simulations of fuel rods have long
been used to predict key performance metrics. Modeling
of such physics, including thermomechanical-irradiation
effects, can make various assumptions of model dimen-
sionality. The fact that fuel rods can often be geometri-
cally described as axisymmetric enables the use of two
dimensional (2D) and quasi-2D descriptions. This latter
approach can be achieved by stacking 1D layers of ele-
ments with an associated thickness and is often referred
to as “layered one-dimensional” or “1.5D”. The 1.5D di-
mensionality assumption is very common in modeling
engineering-scale thermomechanical behavior of fuel rods
and has been used in existing finite element-based codes.
Applications of such low-dimensional finite element mod-
els include the analysis of rapid reactivity-initiated acci-
dent using the code Alcyone [6] and the analysis of nor-
mal and accident conditions using FRAPCON/ FRAP-
TRAN [7]. 2D axisymmetric approaches in two dimen-
sions are very common in fuel rod analyses; one example
of the use of axisymmetry in 2D to analyze PCMIs was
carried out in [8]. Fuel cross sections can additionally
be analyzed under the assumption of generalized plane
strain in two dimensions, which can be ideal for study-
ing fuel defects or failure. Such models that explicitly
represent radial and azimuthal variations have been used
to analyze pellet cracking (see [9]) and clad-bore cracks
in bonded fuel (see [10]). Removing all assumptions of
uniform response in certain dimensions, 3D models allow
for unrestricted asymmetries and have been leveraged to
model the general thermomechanics of fuel rods, includ-
ing friction, fuel fragmentation, and pellet defects (see
[11, 12, 13, 14, 15]).

Interface phenomena between fuel and cladding can
strongnly influences the mechanical and chemical evolu-
tion of the rod. In fact, PCMI is a key phenomenon whose
modeling has received significant attention via numerous
international benchmarks (see [16]). Friction is shown to
experience a noticeable temperature dependency (see, for
example, [17]). Despite this dependency, measurements
show that typical fuel-cladding interaction is widely de-
fined by coefficients of friction of 0.4–0.8 regardless of
temperature [17], which tends to be high enough to cause
axial sticking behavior in the fuel rod.

The present work exercises three dimensionally dis-
parate modeling setups to analyze fuel rod axial mechan-
ics with typical thermomechanical-irradiation simulations,
with an emphasis on the effects of fuel-cladding interac-
tions. Section 2 describes the contact mechanics formu-
lations employed to account for friction in 1D, 2D, and
3D models. While the 1.5D models have an ad hoc for-
mulation for including friction on a single out-of-plane
variable per layer, the 2D and 3D models employ a gen-
eral mortar contact formulation [18]. For consistency and
ease of comparison, we employ the same thermal, me-

chanical, and irradiation models and dimensions (when-
ever applicable) across the three dimensions. The mod-
els are described in Section 3. We apply these models and
evaluate the effects of friction for various operational sce-
narios. These cases include the assessment of rodlet elon-
gation across dimensions, pellet geometry (“smeared” or
discrete), the influence of the coefficient of friction, ax-
ial power profile, and azimuthally varying temperature
boundary conditions in three dimensions. Numerical model
results are presented in Section 4. The 2D axisymmet-
ric approach is used to compare simulation results with
existing Halden experimental data in Section 5. Finally,
discussion and conclusions on the friction modeling are
presented in Section 6.

2. Physics and Contact Formulations

This section provides the formulation background for
the friction modeling for 1D, 2D, and 3D representations
of a fuel rod.
2.1. Quasi-Two-Dimensional (Layered 1D or 1.5D)

We developed an implementation that includes the ef-
fects of friction on the out-of-plane deformation in 1.5D
formulations. The single out-of-plane strain for a layer
𝑖, 𝜖𝑖𝑦𝑦, is used to ascertain the frictional state of the fuel-
cladding interface. In essence, each fuel-cladding layer
interface can be not in contact, sticking (null local relative
motion), or slipping (with relative motion and saturated
frictional forces).

The algorithmic approach employed can be summa-
rized as follows. Given the out-of-plane layer stiffness,
the previous step’s contact pressure, and incremental, rel-
ative out-of-plane strain, the logic first checks whether
the contact pressure is zero. If it is non-zero, one as-
sumes sticking behavior (i.e., the relative, incremental
out-of-plane strain needs to be constrained to be zero).
That is achieved numerically by applying a penalty ap-
proach on the out-of-place strain variable with a suffi-
ciently high penalty factor. If the current relative out-of-
plane strain increment times the stiffness is larger than the
frictional capacity, sticking is not feasible and a constant
frictional force opposing the relative motion between fuel
and cladding is applied in a way that overrides the previ-
ous assumption. A schema of the 1.5D setup is shown
in Figure 1. The algorithm adding frictional forces on
the out-of-plane strain variable is summarized in Algo-
rithm 1.

The penalty coefficients must be selected such that the
sticking constraint is enforced properly. This condition
translates mainly into two different aspects: (1) it must
be high enough so that adding a penalty term to the out-
of-plane residual is sufficient to guarantee the constraint
Δ𝜖interface ≅ 0 and (2) the penalty factor (i.e., C) is not so
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Figure 1: Schema of 1.5D modeling approach to fuel cladding. Layers composed of line finite elements, 𝑙, are stacked to represent the axial geometry
of the fuel and cladding rod components. Frictional forces are computed from quantities on the fuel-cladding layer interface, such as normal contact
pressure and the time step incremental axial strain. Once the frictional state is determined, the corresponding forces are accounted for as a residual
contribution in the layer-wise generalized out-of-plane strain variables 𝜖𝑦𝑦,𝑓𝑢𝑒𝑙 and 𝜖𝑦𝑦,𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 .

large that it hinders numerical convergence by damaging
the system’s condition number. In practice, a C value of
1013–1015 for a typical layered light-water reactor (LWR)
problem using SI units is reasonable for maintaining rea-
sonable conditioning of the system as well as accurately
enforcing the constraints.

Algorithm 1 seeks to find out the correct frictional
state at each Newton iteration. Without an algorithm that
guarantees local convergence, such as the one employed
in 2D and 3D approaches [18, 19], layer frictional states
can oscillate between sticking and slipping, thereby hin-
dering the overall system’s numerical convergence. For
this reason, the default behavior of this algorithm con-
siders a “fixed” frictional state after three Newton itera-
tions, after which the system converges with those fixed,
local frictional states—this behavior is outlined in Algo-
rithm 1 with the “Optional” prefix. Note that the algo-
rithm used here does not include the effect of axially ac-
cumulating frictional forces (i.e. only layer-to-layer inter-
action is considered as described in the Algorithm). This
limitation would need to be addressed in the future for
fuel rod models with a non-constant power profile, since,
in that case, there would potentially be a stronger inter-
action between frictional forces between layers in contact
and those that have not closed the gap. Such equilibrium
of axial forces may need to be resolved with an additional,
iterative outer loop which may diminish the performance
of this 1.5D approach. Similarly, while not pursued here,

this 1D frictional algorithm can be improved, at the ex-
pense of additional Newton iterations, with the addition
of formal augmentations, by which frictional states are
gradually arrived at (see [20] for a description of an aug-
mented Lagrange approach to contact within the same
software framework used in this work).
2.2. Contact Mechanics Equations

In this section, we discuss the contact equations and
finite element formulations used to develop the algorithms
that capture mechanical contact interaction between fuel
and cladding in 2D and 3D.

We define Hertz—Signorini—Moreau contact condi-
tions on secondary (1) and primary (2) surfaces Γ(1,2)𝑐 :

𝑔𝑛 ≥ 0, 𝑝𝑛 ≤ 0, 𝑝𝑛𝑔𝑛 = 0,
Φ ∶= ||𝒕𝜏 || − 𝜇|𝑝𝑛| ≤ 0,
𝒗𝜏,rel + 𝛽𝒕𝜏 = 𝟎, 𝛽 ≥ 0, Φ𝛽 = 0,

(1)

where 𝑔𝑛 is the normal gap at a point on the contact-
ing secondary surface, 𝑝𝑛 is the normal pressure, ||𝒕𝜏 || is
the tangential friction vector, 𝜇 is the coefficient of fric-
tion, and 𝒗𝜏,rel is the relative tangential velocity between
a point on the secondary surface and its projected pair
point on the primary surface. Equation (1) guarantees
the nonpenetration of contact surfaces and a tangential
relative motion governed by Coulomb’s law of friction.
The tangential traction vector norm is 𝜇 times the nor-
mal pressure if sliding conditions take place; whereas the
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Algorithm 1 Computation of frictional forces for 1.5D
models in BISON.
Require: Matching fuel-cladding layer interface (ex-

cluding cladding’s plenum layer) [scalar_var_id]
Require: Computing the current relative, incremental

axial strain: Δ𝜖interface
Require: Having normal contact pressure from previous

time step available: 𝑝old
normal

Require: Out-of-plane transient layer stiffness: 𝐸𝑙𝑎𝑦𝑒𝑟
Require: 𝐶 is a user-defined penalty factor to enforce

sticking constraint
Ensure: Δ𝜖interface = (𝜖𝑡+1𝑦𝑦,cladding−𝜖

𝑡
𝑦𝑦,cladding)−(𝜖

𝑡+1
𝑦𝑦,fuel−

𝜖𝑡𝑦𝑦,fuel)

sliding_sign = Δ𝜖interface∕|Δ𝜖interface|

⊳ If there was contact, initially assume sticking behav-
ior
if 𝑝old

normal ≥ 0 then
⊳ Residual for primary/secondary surface at Gauss
point

𝐹fric(𝑙𝑎𝑦𝑒𝑟) ← ±𝐶 ⋅ _𝑐𝑜𝑜𝑟𝑑(𝑙𝑎𝑦𝑒𝑟) ⋅ Δ𝜖interface ⋅
thickness

Optional: Fix layer state within the time step as
*sticking*
end if

⊳ Check if sticking force is larger than frictional ca-
pacity
if 𝐸𝑙𝑎𝑦𝑒𝑟 ⋅ Δ𝜖interface ≥ 𝜇𝑝old

normal then
⊳ Assume sliding force and override its value

𝐹fric(𝑙𝑎𝑦𝑒𝑟) ← ± sliding_sign ⋅𝜇 ⋅ thickness ⋅
𝑝old

normal ⋅ _𝑐𝑜𝑜𝑟𝑑(𝑙𝑎𝑦𝑒𝑟)
Optional: Fix layer state within the time step as

*sliding*
end if

frictional traction is less than the Coulomb limit if there is
sticking between the two surfaces. In the latter case, the
relative local motion between the two surfaces is zero to
the numerical algorithm tolerance. 𝛽 is a real semiposi-
tive variable that is introduced to close the formulation of
the frictional problem. In our formulation, the geometric
entities (e.g., normal vector) are computed from a point
(or domain) on the secondary surface (1) as it is projected
onto the primary surface (2). As such, we compute the
normal gap as:

𝑔𝑛 = −𝒏(1) ⋅
(

𝒙(1) − 𝒙(2)
)

, (2)
in which  is used to denote a projection operator imple-
mented via the closest point projection algorithm. Such
a projection takes place from a point on the (possibly)
displaced secondary surface (1), 𝒙(1), to a correspond-
ing point on the primary surface (2) (i.e., 𝒙(2)). The vec-
tor 𝒏(1) represents the outward unit normal on the sec-
ondary surface. For 2D and 3D cases, we choose to en-
force the contact constraints with Lagrange multipliers,
which are explicitly solved for in the system of equations
(see, for example, [21]). The error in the enforcement
of contact constraints is thus controlled by the tolerance
specified for solving the full system of equations. The La-
grange multiplier vector represents the tractions on the
secondary surface nodes and can be denoted by 𝝀. For
mechanical contact, 𝝀 = −𝒕(1)𝑐 is defined as the negative
contact traction on the secondary side. Contact tractions
are accounted for in the system force balance as:

∫Γ(1)𝑐
𝝀
(

𝛿𝒖(1) − 𝛿𝒖(2)
) d𝑠 = 0, (3)

in which Γ(1)𝑐 refers to the deformed contacting bound-
ary on the secondary surface, 𝒖 refers to the displacement
vector, and 𝛿 refers to the variation operator. The action
of the contact traction on the bodies is solved together
with the contact constraints:

∫Γ(1)𝑐

(

𝛿𝜆𝑛 − 𝜆𝑛
)

𝑔𝑛 d𝑠 ≥ 0,

∫Γ(1)𝑐

(

𝛿𝝀𝜏 − 𝝀𝜏
)

⋅ 𝒗𝜏,rel d𝑠 ≥ 0.
(4)

Here, the second constraint is for frictional interactions
only. The 𝜆𝑛 and 𝝀𝜏 are the normal component and fric-
tional vector of tractions captured by the Lagrange multi-
plier vector 𝝀, respectively. Note that 𝝀𝜏 contains (𝑁−1)
vectors at each boundary location, where N is the num-
ber of model dimensions (i.e., two or three). As such, in
axisymmetric 2D simulations, this vector has one compo-
nent that corresponds to the single frictional direction; in
3D simulations, this vector has two components that cor-
respond to two orthogonal vectors perpendicular to the
normal direction.
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In this work, second-order Lagrange interpolation scheme
in the finite elements is used to represent the solid mate-
rial. To avoid numerical instabilities, we interpolate the
Lagrange multipliers (i.e., 𝜆𝑛 and 𝝀𝝉 ) with dual basis in-
terpolation functions [22, 23].

From Equation (4), one can arrive at the following
discretized set of contact constraints using mortar quan-
tities (denoted with a tilde ̃) particularized at an arbitrary
node 𝑗 (see [24] for details):

(

𝑔̃𝑛
)

𝑗 ≥ 0,
(

𝜆𝑛
)

𝑗 ≥ 0,
(

𝑔̃𝑛
)

𝑗
(

𝜆𝑛
)

𝑗 = 0,

Φ𝑗 ∶= ||

(

𝝀𝜏
)

𝑗 || − 𝜇
(

|𝜆𝑛
)

𝑗 | ≤ 0,
(

𝒗̃𝜏,rel
)

𝑗 + 𝛽𝑖
(

𝝀𝜏
)

𝑗 = 𝟎, 𝛽𝑗 ≥ 0, Φ𝑗𝛽𝑗 = 0,

(5)

in which 𝑗 = 1… 𝑛𝜆 refers to an arbitrary node of the to-
tal 𝑛𝜆 nodes that can potentially be in contact on a bound-
ary (i.e., active plus inactive nodes), (𝑔̃𝑛

)

𝑗 is the discrete
“weighted” or “mortar” gap, 𝒗̃𝜏,rel is the discrete weighted
relative tangential velocity, 𝛽𝑗 is a positive constant in
the Coulomb frictional constraint, (𝜆𝑛)𝑗 and (𝝀𝝉 )𝑗 are the
normal and tangential Lagrange multipliers, respectively,
that take the values of the contact traction components,
and 𝜇 is the coefficient of friction. While the contact con-
straints in Equation (5) are enforced at each node, those
equations include weak or mortar descriptions of kine-
matic quantities involved. For example, both the normal
gap 𝑔̃𝑛 and the relative tangential velocity 𝒗̃𝜏,rel are com-
puted at a node 𝑗 by numerically integrating them over the
mortar segment mesh [25]. As pointed out, dual shape
functions, 𝜓𝑗 , are used to interpolate the normal and fric-
tional traction Lagrange multipliers. While a Petrov-Galerkin
approach to the differential equations can yield perfor-
mance improvements [26], here we also interpolate gaps
and relative tangential velocities with the same dual shape
functions:

(

𝑔̃𝑛
)

𝑗 = ∫Γ(1)𝑐
𝜓𝑗(𝝃)g𝑛(𝝃) d𝑠,

(

𝒗̃𝜏,rel
)

𝑗 = ∫Γ(1)𝑐
𝜓𝑗(𝝃)v𝜏,rel(𝝃) d𝑠.

(6)

The lower dimensional domain Γ(1)𝑐 represents the do-
main over which the mortar integration takes place, 𝝃 is a
vector of isoparametric element coordinates (i.e., they de-
note evaluation at quadrature points), and quantities with-
out a tilde refer to continuous functions algebraically dis-
cretized through evaluation at quadrature points. Equa-
tions (5) and (6) can be used in a variationally consistent
finite element formulation of mechanical contact constraints,
see [27, 22]. The discrete enforcement of frictional con-
straints, 𝑻 𝑗 , in a semismooth Newton iteration strategy

may be analogously expressed as [28]:
𝑻 𝑗(𝒖,𝝀) = max(𝜇(𝜆𝑛,𝑗 − 𝑐𝑛𝑔̃𝑛,𝑗), ||𝝀𝝉 ,𝑗 + 𝑐𝑡𝒗̃𝝉 ,𝑟𝑒𝑙,𝑗||)𝝀𝝉 ,𝑗
− 𝜇max(0, 𝜆𝑛,𝑗 − 𝑐𝑛𝑔̃𝑛,𝑗) ⋅ (𝝀𝝉 ,𝑗 + 𝑐𝑡𝒗̃𝝉 ,𝑟𝑒𝑙,𝑗) = 𝟎,
𝑐𝑛, 𝑐𝑡 > 0,

(7)
in which 𝝀𝝉 ,𝑗 refers to node 𝑗’s frictional contact trac-
tion vector, which is the result of obtaining converged
Lagrange multiplier values; 𝒗̃𝑡,𝑟𝑒𝑙,𝑗 is the relative tangen-
tial velocity computed on the lower-dimensional mortar
segment mesh; and 𝑐𝑛 and 𝑐𝑡 are algorithmic parameters
used to bring the scales of mortar kinematic quantities
and contact tractions to comparable orders of magnitude.
The semismooth Newton strategy, via its nonlinear iter-
ations, iterates within (or across) the various nodal fric-
tional states when not in contact, in contact and sticking,
and in contact and sliding.
2.3. Software Framework

We leverage the general contact formulations in the
open-source finite element code Multiphysics Object-Oriented
Simulation Environment (MOOSE) [29] and extend its
available physics with nuclear fuel performance-specific
formulations for the thermomechanical, fracture, and gas
release behavior of fuel and cladding within the nuclear
fuel performance code BISON [5]. Physics modeling for-
mulations of BISON have been validated in the literature;
see, e.g., the general reference [30], in which various met-
rics from integral LWR experiments are compared to ex-
periments, including temperature distribution and fission
gas release. The mortar finite element constraint frame-
work used in this work for 2D and 3D modeling has sig-
nificantly improved the solution quality over a node-to-
segment approach by removing numerical and discretiza-
tion artifacts and speed up the simulations through en-
hanced convergence behavior (e.g., see [18, 19]).

3. Fuel and Cladding Model Descriptions

The majority of studies used for demonstrations in
this study simulate a 10-pellet fuel rodlet. The radius of
the as-fabricated fuel is 4.1 mm, with a length of 118.6 mm,
an initial gap of 0.08 mm, initial plenum height of 26 mm,
and a cladding thickness of 0.56 mm. When discrete pel-
let models are used in two and three dimensions, the pellet
height is assumed to be 11.86 mm; the depth and radius of
the dish are 0.3 and 2.45 mm, respectively; and the cham-
fer width and height are 0.504 and 0.16 mm, respectively.

Eleven second-order Lagrange finite elements are used
in the radial direction of the fuel. Four are used through
the cladding thickness. For the 2D model, 150 finite el-
ements are used for the fuel in the axial direction. Ten
axial layers are used for the layered, 1D setup.
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A convective boundary condition is used to represent
the thermomechanical effects of the coolant channel. The
coolant channel pressure is assumed to be 15.5 MPa, the
inlet temperature is assumed to be 580 K, and mass flux
is considered to be constant at 3,800 kg/(m2⋅s). The in-
ternal rod pressure is accounted for in a plenum pressure
model that is a function of moles, temperature, and the
volume of the cavity.

Heat conduction and capacity are considered. The
mechanical and thermal models of the fuel are as follows.
The thermal conductivity model used for UO2 is NFIR
(see [31]); the specific heat capacity is computed using
the temperature-dependent fit proposed by Luscher et al.
(see [32]). Elasticity of UO2 is assumed to be isotropic
with an elasticity modulus of 200 GPa and a Poisson’s
ratio of 0.345. The thermal expansion is assumed to be
1.0⋅10−5K−1. A radial relocation model is included in
the simulation (see [33]). Fissions per initial heavy-metal
atoms are computed given the axial power and its axial
distribution (see Chapter 10 of Ref. [34]). The isotope
fractions for computing burnup are 5% and 95% for U235
and U238, respectively. The empirical relation from [35]
is used to compute fuel swelling due to solid fission prod-
ucts; an initial fuel density of 10,431 kg/m3 is assumed.
Inter- and intragranular transport of gaseous fission prod-
ucts are modeled using the Simple Integrated Fission Gas
Release and Swelling model (see [36]). Swelling due to
gaseous fission products is determined from the fission
gas behavior model as the two are directly coupled.

The mechanical and thermal models of Zircaloy-4 cladding
are described as follows. The density is assumed to be
6,551 kg/m3. The thermal conductivity and the specific
heat are selected to be 16 W/(m⋅K) and 330 J/(kg⋅K), re-
spectively. The elasticity modulus and Poisson’s ratio are
assumed to be 75 GPa and 0.3, respectively. Primary, ir-
radiation, and thermal creep are considered in all numer-
ical results for Zircaloy cladding using Hoppe and Mat-
suo’s models (see [37, 38]). A temperature-dependent
thermal expansion model is employed for Zircaloy [39].
Similarly, growth strains caused by irradiation are com-
puted according to [40].

Heat transfer through the gap and contact on the fuel-
cladding interface are considered using gap conductance,
radiation, and solid conduction (if the gap is closed). The
gas thermal conductivity considered throughout the nu-
merical results is that described in [41]. A radiant heat
transfer contribution is also accounted for with both ma-
terial emissivities assumed to be one.

The heuristic approach described in Section 2.1 is used
to model frictional contact in layered, 1D simulations. A
frictional mortar contact formulation that interpolates La-
grange multiplier nodal variables with dual bases is em-
ployed for 2D formulations with axisymmetry [18] and
3D model setups. We compare the overall elongation

of fuel and cladding components between the layered,
1D setup and the 2D approach with axisymmetry. In the
case of the layered approach, the elongation is computed
by accumulating layer-wise axial elongations from each
layer’s generalized plane strain variable [42]. The elon-
gation of fuel rod for the 2D and 3D models is obtained
by capturing the largest axial displacement at the top of
the rod.

Both frictional and frictionless results are presented.
When frictional results are presented without specifying
the coefficient of friction, this is selected to be 0.4, which
is found to be a representative value for fuel-cladding in-
teraction [17]. Three constitutive model options for the
fuel range from purely elastic, fuel elasticity and creep,
and fuel elasticity, creep, and cracking. UO2 fuel creep is
computed using the MATPRO FCREEP material model
[35]; both thermal and irradiation creep are considered.
Cracking effects, when present, are included using Barani’s
fragmentation model [43], where the linear heat rate is
used as proxy for the number of cracks in the fuel, which
is then used to modify (reduce) the elasticity modulus
of the fuel material. While more advanced and complex
models can be readily selected in our nuclear fuel perfor-
mance software to account for fuel creep and fragmenta-
tion, we use these simple and common options through-
out this manuscript to showcase the effects of frictional
interaction with basic changes in mechanical modeling
assumptions.

To summarize, in Section 4, we examine models with
1.5D, axisymmetric 2D, and full 3D geometries. The fuel
mechanics behavior is always described by one of the fol-
lowing constitutive approaches: (1) fully elastic, (2) elas-
ticity and creep (“creep”), and (3) elasticity, creep, and
fragmentation (also referred to here as “cracking”). Fi-
nally, the fuel geometry may be considered as “smeared”
(i.e., the individual pellet geometry is not considered) or
“discrete”, in which the geometry of 10 pellets for the
rodlet model is included with dishes and chamfers.

4. Applications to Light-Water Reactors

The contact mechanics formulations described herein
can be applied to a large variety of fuel forms and types.
Likewise, the frictional interaction between fuel and cladding
can take place with a variety of structural behavior. We
exemplify this modeling complexity with LWR models,
which make up the majority of the currently operating re-
actors around the world. Despite this, fundamental me-
chanics behavior may be qualitatively extensible to other
fuel materials.
4.1. Normal Operation

The normal operational cases analyzed in this sec-
tion are all subjected to the following power history and
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coolant conditions, unless otherwise noted in the specific
case. The rod is first brought to hot zero power at t = 0 s,
after which the linear heat generation rate is ramped up
to 25 kW/m over 10000 s and held constant for 3.5 ⋅ 107 s
(≈2.53 years). The coolant conditions for the rodlet are
defined by an inlet temperature boundary condition of
580 K, and an inlet pressure of 15.5 MPa, and a mass flux
of 3800 kg

m2⋅s .
4.1.1. Comparison across Dimensions for Various Fuel

Mechanical Models (1.5D-2D axisymmetric)
In this section, we compare the fundamental thermo-

mechanical behavior of a fuel rodlet under variations in
the mechanical behavior of the fuel and adhesion condi-
tions of the fuel-cladding interface. This comparison is
used as a form of verification of the “1.5D” friction im-
plementation in BISON.

Figures 2, 3, and 4 show time-domain elongation re-
sults for fuel and cladding for the 1.5D setup and the tra-
ditional 2D axisymmetric approach. Solid lines represent
the evolution of fuel elongation, whereas symbols are em-
ployed for the axial evolution of the Zircaloy cladding.
Before the fuel and cladding surfaces come into contact
about 3.5⋅107 s (405 days) into the simulation, both the
fuel and cladding dimensions change due to thermal and
mechanical effects. For the fuel, the dimensional changes
are driven by thermal expansion, solid and gaseous fis-
sion product swelling, and densification. For the cladding,
dimensional changes occur due to thermal expansion, creep,
and irradiation growth Once PCMI takes place, frictional
and frictionless behavior diverge for the three cases in
Figs. 2, 3 and 4. Note that the trend is more apparent for
cladding elongation since it has less relative axial stiff-
ness. For a purely elastic fuel, the stiffness of the fuel
is dominant; this is observed in Fig. 2 in the fuel elon-
gation, as its behavior is hardly affected by whether the
fuel-cladding interface is frictional. On the other hand,
the elongation of the cladding closely follows the axial
evolution of the fuel if friction is present (see yellow and
blue symbols in Fig. 2).

As creep and cracking are added to the fuel mechan-
ical behavior (see Figs. 3 and 4), the axial stiffness of
fuel and cladding materials become comparable, which
results in reduced axial deformation in the fuel. This
can be observed in the elongation evolution of the fuel:
As the cladding becomes stiffer relative to the fuel (see
“creep” and “creep and cracking” results), fuel expan-
sion is noticeably constrained by the cladding mechanics
when friction is present (see blue and gold solid lines in
Figs. 3 and 4).

For the frictionless case, cladding elongation is driven
by its own mechanical behavior and state of deforma-
tion. Once fuel and cladding come into contact, the nor-
mal contact stresses cause permanent deformation as the

stresses relax due to the high temperature in the cladding.
The radial permanent deformation causes a slight axial
contraction that is observable in the cladding elongation
results in the absence of friction. This overall type of di-
mensional changes is probably hard to observe in reality
as it requires a frictionless interface. The stiffer the fuel
is, the more accentuated this behavior gets.

In the three cases, the 1.5D axial elongation results
are in line with those obtained with the variationally con-
sistent dual mortar approach in the axisymmetric model.
Since the pellet-cladding interface is predominantly in a
stick state, not imposing an equilibrium iteration on the
axial forces for 1.5D (see Algorithm 1) has negligible ef-
fects on the numerical results.

Figure 2: Elongation results for elastic fuel. Overall elongation results
of fuel and rod are presented for frictional and frictionless fuel-cladding
interface models. Both axisymmetric and 1.5D results are presented.

Figure 3: Elongation results for fuel with creep. Overall elongation
results of fuel and rod are presented for frictional and frictionless fuel-
cladding interface models. Both axisymmetric and 1.5D results are pre-
sented.
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Figure 4: Elongation results for fuel with creep and fragmentation.
Overall elongation results of fuel and rod are presented for frictional
and frictionless fuel-cladding interface models. Both axisymmetric and
1.5D results are presented.

4.1.2. Impact of Pellet Geometry
The use of 1.5D approaches to modeling fuel-cladding

thermomechanical interaction requires assumptions about
the state of out-of-plane strains and its coupling with the
other directions. Modeling the pellet geometry as dis-
crete (i.e., with dishes and chamfers) introduces more com-
plex mechanical loading on the fuel-cladding interface,
particularly in the presence of friction. Therefore, cap-
turing the mechanical effects of dished chamfered pellet
faces benefits from 2D approaches that can represent ax-
isymmetric solids.

This section compares the influence of considering
the discrete nature of the pellets in the finite element mesh.
The material models and operating conditions are there-
fore used to simulate “smeared” and “discrete” versions
of the models. Details of the two geometric definitions
under discussion can be seen in Figures 5a and 5b. In ad-
dition to the apparent lack of continuity of the interface
once the gap closes, accounting for the discrete nature of
the pellets induces distinct, pellet-wise tangential traction
states along the rod, see Figure 6 for a line representa-
tion of frictional traction for both cases. Unlike for the
smeared representation, the discrete pellets have a non-
trivial frictional state, resulting from sticking behavior,
away from the free boundary conditions of the fuel rod.
A plot comparing normal and frictional tractions for both
meshes is shown in Figure 7 for the fuel model combining
elasticity, creep, and cracking.
4.1.3. Sensitivity of Elongation to the Friction Coefficient

Value
Frictional interaction between surfaces is often char-

acterized in fuel rod simulations by a constant coefficient
of friction. The effective, local coefficient of friction may
depend on temperature, normal contact pressure, relative

(a) Mesh representation of
discrete (left) and smeared
(right) fuel models.

(b) Zoomed-in detail of the mesh repre-
sentation of discrete (left) and smeared
(right) fuel models.

Figure 5: Visual comparison between smeared and discrete mesh.
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Figure 6: Frictional traction on smeared and discrete interface. Dished
and chamfered pellet faces introduce a pellet-wise interfacial mechan-
ical interaction state. While frictional traction fades away from the
rod axial boundary conditions with a smeared geometrical represen-
tation, the inclusion of discrete pellets creates a state of axially sym-
metric frictional traction states on the interface between discrete pellet
and cladding. This latter effect is akin to pushing a cylinder into a de-
formable interface.

tangential velocities, materials in contact, and coating se-
lection, among other factors. In this section, we run the
“creep and cracking” 2D axisymmetric setup with dis-
crete pellets and vary the coefficient of friction value to
assess its impact on the overall axial motion of the fuel
rod.

The elongation of the fuel and cladding at the top of
the rodlet, with the fuel mechanics including creep and
cracking models, is shown in Figure 8 considering a fric-
tionless interface and interfaces with friction coefficients
of 2.5⋅10−5, 0.025, 0.05, 0.1, and 0.4. The fuel elongation
difference between the various coefficients of friction re-
veals the relative softness of the material when both creep
and cracking phenomena are considered; that can be ob-
served by the sensitivity of both fuel and cladding elon-
gations to changes in the coefficient of friction. In other
words, for this case, the axial mechanics of the rod is not
fully dominated by the fuel or cladding stiffness, but by a
mixture of both. The difference in elongation of fuel and
cladding is plotted in Figure 9. After fuel and cladding
come into contact, at about 3⋅107 s into the simulation,
their relative axial motion is constant or close to constant
for relatively large coefficients of friction (i.e., 𝜇 ≥ 0.05);
on the other hand, smaller coefficients of friction tend to
bring the overall axial mechanics much closer to the fric-
tionless case. This numerical exercise shows that even
low interface friction (i.e., 0.025 to 0.1) causes the rod to
significantly change its mechanics (see Section 4.2 for a
discussion on the influence of friction on stresses). Re-
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Figure 7: Spatial distribution of contact traction over the smeared and
discrete fuel-cladding interfaces. While normal contact forces are in-
fluenced by the dish locations in the discrete representation, tangential
traction distributions are also heavily influenced by the discrete pellet
flexibility. While the chamfer is modeled as depicted in Fig. 5b, the
surface traction lines are not interrupted at the inter-pellet plane in this
figure.

ported experimental measurements of the coefficient of
friction of ceramic materials on Zircaloy cladding yields
values within the range 0.3–0.6, with slightly lower val-
ues in case of copper plating (≳ 0.2) [17].
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Figure 8: Elongation of fuel and cladding for various values of friction
coefficients using creep and cracking modeling for the fuel mechanics.

4.2. Fuel Rod Three-Dimensional Modeling
In this section, we focus our attention on the 3D simu-

lation of a rodlet, considering the impact of pellet-cladding
friction, and the influence of axial peak distributions in
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Figure 9: Fuel-cladding elongation difference for various coefficients
of friction.

the power profile. Discrete pellets combining elasticity,
creep, and fragmentation are used in this section.
4.2.1. Mechanical Impact of Friction on Rod Mechanics

We ran a similar rodlet setup in three dimensions, us-
ing the same models detailed in Section 3. In this section
we show results with full symmetry and compare fric-
tionless and frictional results, in addition to surface trac-
tion results between the discrete axisymmetric cases and
equivalent 3D cases.

3D results of the rodlet with a frictional interface can
be observed in Figures 15 and 16. In those figures, the
cladding component’s opacity is diminished to reveal the
spatial distribution of normal and axial tangential contact
tractions on the fuel surface.

While friction acts mostly along the rod axial direc-
tion, pellet-cladding mechanical interaction causes an in-
crease in radial compression stresses in the fuel pellets.
This is a result of the coupling between the radial and
axial mechanics of the fuel rod (see Figure 10). As ex-
pected, when axial stresses on the fuel outer surface are
considered, the difference between a frictionless and fric-
tional interface is more accentuated (see Figure 11); in
fact, the axial mechanics of the pellets when creeping
fuel is modeled cannot be approximately described with-
out modeling friction. These fundamental aspects can be
of particular relevance when predicting fuel structural in-
tegrity failure in the form of relocation or pulverization.

The normal surface tractions due to contact on the
fuel are shown in Figure 12. The increase in normal con-
tact pressure is directly related to the distribution of radial
stresses close to the surface depicted in Figure 10. As ex-
pected, the 3D setup also shows the effects of friction on
the overall rodlet axial elongation (see Figure 13). Simi-
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Figure 10: Fuel radial stress (𝜎𝑟𝑟) along the axial rod direction measured
at a radius of 3.8 mm.
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Figure 11: Fuel axial stress (𝜎𝑦𝑦) along the axial rod direction measured
at a radius of 3.8 mm.

lar trends as in the 2D models are observed: the cladding
creeps down if a frictionless interaction is considered (rod
elongation is measured on the cladding material), whereas
the rodlet continues to elongate with the default Coulomb
friction coefficient used in these simulations (0.4).

We compare the spatial, axial distribution of frictional
traction on the fuel-cladding surface at the end of the sim-
ulation (8⋅107 s) for 2D and 3D representations. Spatial
evolution across discrete pellets is shown in Figure 14.
Despite the change in dimensionality, mesh, and, to some
extent, mechanical boundary conditions, the results com-
pare well for a metric that heavily depends on the ad-
vanced models used to describe the thermomechanics of
both fuel and cladding materials.
4.2.2. Impact of Axial Power Profile

In this section, we employ the 3D representation of
the fuel rod with discrete pellets to demonstrate the influ-
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Figure 12: Fuel-cladding normal contact pressure along the interface.

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
Time (s) 1e7

0.0001

0.0000

0.0001

0.0002

0.0003

0.0004

El
on

ga
tio

n 
(m

)

Frictionless
Frictional

Figure 13: Time evolution of fuel rod elongation, from approximately
the moment when contact mechanics couples the mechanical behavior
of fuel and cladding, according to the interface type.

ence of axial power profiles on the distribution of heat
fluxes and contact tractions. The distribution of axial
power profiles considered are shown in Figure 17.

Figures 18 and 19 show the axial distribution of nor-
mal and (axially) frictional contact tractions, respectively.
There is a clear cause and effect relationship between the
distribution of the axial peak profiles and the resulting
distribution of contact interactions. Boundary effects at
both ends of the fuel rod cause spatial oscillations in the
contact traction results, particularly in the frictional forces
(see 0.00–0.02 m and 0.10–0.12 m stretches of interface,
for the bottom and top skewed results, respectively).
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Figure 14: Comparison of the axial distribution of axial frictional trac-
tion for the fuel rod with discrete pellets using axisymmetric 2D and full
3D modeling. Note that the 2D results are those also presented in Fig-
ure 7.
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Figure 15: 3D normal contact pressure distribution on a rodlet using
both a frictional and a frictionless fuel-cladding interface.

Figure 16: 3D axial frictional contact traction distribution on a rodlet.

Figure 17: Axial peaking factor distribution for symmetric, top, and
bottom distributions.
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Figure 18: Normal traction distribution with power profile for the 3D,
discrete pellet mesh.
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Figure 19: Frictional traction distribution with power profile for the 3D,
discrete pellet mesh.
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4.3. Azimuthally Varying Temperature Conditions
Here, we removed the coolant channel boundary con-

dition on the outer cladding surface and imposed a tem-
perature Dirichlet boundary condition given by the func-
tion 𝑇cladding_outer = 400 + 75 ⋅ height∕rod_length +140 ⋅
abs(arctan(𝑧∕𝑥)) (see Figure 20). This function is built
to capture temperature gradients generated by the cooling
system, but it is not directly informed by experimental
measurements. Axially and azimuthally varying cooling
condition makes full 3D setups mandatory and is used
here to obtain the frictional fuel-cladding interface state
and demonstrate the methodology. Results at the final
stage of the simulation (i.e. at time equal to 8⋅107 s) for
heat flux and axial frictional tractions on the fuel sur-
face are shown in Figures 21 and 22. Whereas the non-
uniform outer cladding temperature boundary condition
affects the heat flux (the YZ plane image in Fig. 21 fea-
tures increased heat flux), PCMI results hardly depend
azimuthally (see Figure 22). Despite frictional tractions
not being heavily affected by azimuthally varying tem-
peratures, as discussed in other sections, accounting for
friction is necessary to properly modeled axial mechan-
ics.

Figure 20: Azimuthally varying temperature boundary condition on the
outer cladding surface on the XY and XZ planes.

Figure 23 presents the axial variation of the heat flux
at 4 azimuthal locations along the rod at the end of the
simulation. These locations are at 0, 90 and 180, and

Figure 21: Heat flux on fuel surface on the XY and XZ planes. The heat
flux is visibly affected by the coolant temperature boundary condition.

270 degrees along the circumference of the fuel pellet.
Figure 24 shows the axial frictional traction on the fuel
surface at the same locations.

5. Comparison to Experimental Data

The axial mechanics of a fuel rod is determined by a
complex combination of physical aspects that makes its
prediction and validation challenging. The inelastic be-
havior of cladding and pellets, fuel cracking, expansion
due to thermal and irradiation effects, and other physical
phenomena, change the time at which fuel and cladding
make mechanical contact, the relative stiffness of fuel and
cladding, and the extent to which fuel and cladding un-
dergo deformation. For these reasons, the validation of
the axial mechanics of an LWR fuel rod is outside the
scope of this work. We, instead, present in this section
a comparison of BISON’s numerical results with exper-
imental elongation results from IFA-597.3 Rod 7 exper-
iment from the Halden reactor [44] under BWR condi-
tions.

The examples thus far in this study have focused on
the impact that various operational considerations and ma-
terial parameters have on the predictions of fuel and cladding
elongation. From these studies, it is evident that fric-
tion has an impact on fuel performance for these rodlet
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Figure 22: Axial frictional traction on fuel surface on the XY and XZ
planes. The volumetric strains from thermal expansion do not impact
frictional tractions significantly in this case.

demonstrations. To solidify the importance of including
friction in fuel performance analyses, comparisons to the
IFA-597.3 Rod 7 [44] experiment is provided in this sec-
tion and discuss related modeling aspects.

The IFA-597 series of experiments consisted of 3 rods
identified as Rod 7, 8, and 9 to explore the integral effects
of operation in reactor including fuel center line temper-
ature, fission gas release, and cladding elongation. Of
these measurements, the impact of including friction is
most evident on the cladding elongation predictions. Prior
to the experiment, the mother rod for which the speci-
men was segmented was irradiated for about 12 years in
the Ringhals 1 power plant in Sweden. The general mod-
eling methodology in fuel performance codes, including
BISON, is to simulate the base irradiation conditions on
the experimental segment given its location in the mother
rod. Dimensions and key characteristics of the experi-
mental specimen are shown in Table 1. A hole is drilled
into the top of the fuel column to accommodate a thermo-
couple. Dimensions of the hole are included in Table 1.
The rod is refabricated and therefore the initial fill gas
and pressure are different. To account for dimensional
changes during the base irradiation and its impact on the
initial volume, the difference in volume is added to that
calculated by the mesh at refabrication such that the ini-
tial free rod volume is equal to that tabulated at the start

Figure 23: Axial variation of the heat flux at four azimuthal locations
along the rod at the end of the simulation.

Figure 24: Axial variation of the frictional traction at four azimuthal
locations along the rod at the end of the simulation.

of the experiment. To better represent the mechanics of
the fuel, creep and cracking phenomena are considered.
Models described in Section 3 are used and the parame-
ters adjusted to the experiment dimensions.

The linear heat generation rate for the base irradiation
and experiment are shown in Figure 25. The vertical line
in Figure 25 (bottom) marks the actual beginning of the
experiment, which is used for cladding elongation com-
parisons. As is evident, there is significant power changes
over the lifetime of the rod. Given the small axial segment
in the mother rod, no axial variation is expected. During
the experiment the axial profile changes frequently. Ta-
ble 2 lists the minimum and maximum peaking factors at
the bottom, mid-height, and upper part of the specimen
during the test. The cladding surface temperature as a
function of time is provided in the experimental data set
and applied directly to the cladding surface for the anal-

14



Table 1: Rodlet characteristics for the IFA-597.3 experiment.

Parameter description Value Units
Active fuel length 327.5 mm

Fuel diameter 10.44 mm
Thermocouple hole diameter 2.5 mm

Thermocouple hole depth 34 mm
Fuel density 10.50 g

cm3

Grain diameter 7.83 𝜇m
Enrichment 3.35 % U-235

Cladding type Zircaloy-2 (recryst.)
Cladding inner diameter 10.65 mm
Cladding outer diameter 12.25 mm

Free rod volume 5.0 cm3

Fill gas (base/exper.) He/He —
Initial fill gas pressure 0.1/0.5 MPa

yses completed here. The fast neutron flux as a function
of time is also provided. The coolant pressure during the
base irradiation is 7.0 MPa and during the experiment is
3.2 MPa.
Table 2: Minimum and maximum peaking factor values at various axial
location along the rodlet.

Rodlet location Min. peak factor Max. peak factor
Bottom 0.87 1.06

Mid-height 0.91 1.08
Top 0.92 1.1

The BISON simulation results for a frictionless and
frictional cases are presented in Figures 26 and 27. Fig-
ure 26 presents the cladding elongation as a function of
time during the base irradiation. No experimental mea-
surements exist during this time. Unlike the frictionless
results, the results including friction show that the cladding
material continues to expand axially after pellet-clad me-
chanical interaction is established. This overall behavior
is qualitatively not unlike that observed in the numerical
results of Section 4.

Any elongation computed during the base irradiation
must be subtracted prior to comparing to the experimen-
tal measurements as the cladding extensometer was added
post refabrication and measurements are from the refabri-
cated initial length. Figure 27 presents the cladding elon-
gation predictions during the transient alongside the mea-
surement values. As seen from Figure 27, quantitatively,
cladding elongation experimental results differ relatively
from those predicted by our thermomechanical-diffusion
assumptions, models, and their parameters. However, when
observing trends in cladding elongations over the tran-
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Figure 25: Base irradiation power history (top) and experiment power
history (bottom) for the IFA-597.3 Rod 7 experiment.
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sient and are compared with the experiment, a couple of
aspects on fuel-cladding interface behavior are notewor-
thy:

• During the transient phase, the experimental mea-
surements (see red crosses in Figure 27) show that
the rod gradually contracts axially after the initial
expansion. This behavior is apparent despite its
small overall axial expansion. In the frictionless
case, no contraction is observed –in fact, a slight
expansion trend takes place. For the frictional sim-
ulation, as the burnup increases, the cladding con-
tracts axially driven by the continual decrease in
power, which causes a reduction in the fuel’s axial
eigenstrains.

• If no friction is considered in the simulations, at
times when the linear heat generation rate dwin-
dles down, the overall cladding elongation shoots
up (see, e.g., elongation spikes at the burnup inter-
val 68.5-69 MWd/kgU). This phenomenon is akin
to that described from the simple setup whose re-
sults are shown in Figures 2 to 4: In essence, a re-
duction in the fuel volume may release some elastic
stresses in the cladding causing it to expand axi-
ally. When friction is present, the opposite behav-
ior takes place: If the fuel contracts axially, the
cladding material must follow due to the generation
of axial interfacial stresses due to friction, which
results in abrupt reductions of rod elongation. That
same phenomenon is observed in the experimental
data points (see cyan crosses in Figure 27, which
have been artificially shifted along the abscissa for
visual comparison with the numerical results).
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Figure 26: Cladding elongation numerical results during base irradia-
tion.
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Figure 27: Cladding elongation numerical results during the transient
phase of experimental measurements, experimental data points (red),
and shifted experimental data points (cyan) to achieve spatial coinci-
dence with burnup values corresponding to decreases of power in the
simulations.

From this comparison and the physical phenomena
modeled in engineering-scale fuel performance simula-
tions, a few general conclusions can be drawn:

• The characterization of fuel creep and its anisotropy
(not considered in our modeling) and cracking, as
well as the accurate determination of their onset,
is critical to determine the extent to which the fuel
will dominate the axial mechanics of the rod (see
Figs. 2, 3, and 4). As the overall axial stiffness of
the fuel is reduced, the cladding material tends to
more conspicuously determine the rod mechanics.

• The modeling of physical phenomena generating
eigenstrains or changes in volume, such as irradi-
ation and thermal expansion, can have an impact
on the time at which mechanical contact is estab-
lished between pellets and cladding. A delay in the
prediction of contact events that couple fuel and
cladding axial behavior may cause the underpre-
diction the rod extension.

• Relatively low friction coefficient values for pellet-
clad interaction, see Ref. [17] for typical values,
tend to cause overall stick behavior between the
pellet and cladding surfaces. While, as shown in
the numerical results, friction dramatically changes
the axial mechanics of the rod, the particular value
of the friction coefficient, within the common range,
appears to have a lesser influence (see Figures 8
and 9). Nevertheless, accurate frictional charac-
terization would contribute to better predicting the
axial mechanics of the rod.
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6. Summary and Conclusions

This manuscript has summarized the development of
frictional mechanical contact formulations and their ap-
plication to LWR fuel rodlets using 1D, 2D, and 3D mod-
els. These formulations are available in the nuclear fuel
performance code BISON. We include fundamental engineering-
scale models for the rodlet, spanning irradiation, thermal,
creep deformation, fission gas release, plenum pressure,
thermal hydraulics, and heat transfer across the gap. We
also consider “smeared” and discrete geometric descrip-
tions of the fuel. Axial mechanics results are verified
across dimensions. Particularly, we compare elongation
results between the 1.5D and the axisymmetric 2D se-
tups with a smeared pellet description. The axial fric-
tional traction distribution on the fuel-cladding interface
between the 2D and 3D models with discrete pellets are
also numerically verified.

The numerical results presented in this work have high-
lighted: (1) The relevance of friction on key nuclear fuel
performance metrics, (2) The interplay between friction
and fuel constitutive models as it relates to rodlet elon-
gation mechanics, (3) The relative lack of sensitivity of
mechanical results with non-negligible values of the co-
efficient of friction (i.e., 𝜇 ≳ 0.1), and (4) The ranges
of applicability and numerical performance of 1.5D, 2D,
and 3D models.

The 1.5D approach achieves a good approximation
of the rodlet elongation but neglects axial-radial strain
coupling and simplifies the layer’s axial strain as con-
stant. For those reasons, when these aspects are relevant
and geometry (e.g., modeling of chamfers and dishes)
plays a more prominent role, axisymmetric, 2D setups
can become the modeling approach of choice. Finally,
full 3D models are appropriate for studies that lack sym-
metry, whether in the thermomechanical loading, in the
rod component manufacturing process, or in the fuel frag-
mentation that occurs during irradiation. The increased
level of modeling complexity that can be tackled with
higher dimensions comes at a considerable cost. On aver-
age, for the simulations run in this work, 2D simulations
were 20× as costly as 1.5D simulations. A similar ratio
applied when comparing 3D simulation wall times to 2D
ones.

Lack of available experimental fuel and rod elonga-
tion results together with the challenges to validate each
of the fuel and cladding thermomechanical effects make
it difficult to separate the multiple effects that determine
the axial mechanics of a fuel rod. The experimental data
from IFA-597.3 Rod 7 reveal that the elongation of the
rod is influenced by the fuel stiffness as the cladding does
not creep down, i.e. fuel and cladding move along in
an overall “stick” state. Overall transient rod elongation
trends and its abrupt responses to changes in power are

compared and shown to suggest the need for considering
a frictional interface when modeling the axial mechanics
of a rod.

In general, fuel elongation and axial and radial fuel
and cladding stresses are heavily affected by the pres-
ence of friction, even for low values of the coefficient
of friction. Additionally, accounting for the correct lo-
cal influence of friction on the fuel-cladding interface re-
quires modeling the pellet discrete geometry. The me-
chanical constitutive models used for fuel and cladding
components, in conjunction with the levels of friction,
determine the fuel-cladding interfacial stresses and the
rodlet overall elongation. Therefore, properly modeling
the fuel rod mechanics (e.g., creep and fuel cracking) de-
mands the consideration of interfacial friction and a re-
alistic discretized fuel geometry. It is important to note
that, while LWR rodlets were considered in this work, the
fundamentals of the mechanical interaction between fuel
and cladding can be extensible to other types of fuel.
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