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� A 3D finite-element based approach
to study grid-to-rod fretting.

� Two important factors: grid-to-rod
gap size and frequency of the
excitation force.

� Rod vibration shows three regimes:
harmonic, period-doubling and
chaotic.

� A critical gap size is associated with
the maximum wear rate.

� A wear map shows wear rate as a
function of the gap size and excitation
frequency.
g r a p h i c a l a b s t r a c t

A wear map shows wear rate as a function of the grid-to-rod gap size and the frequency of the excitation
force. The critical gap size, which is associated with the maximum wear rate, lies within the harmonic
regime. In the no wear region the amplitude of the rod vibration is smaller than the gap size so that
no impact between the rod and plate can happen. The curve of the resonant frequency of the system
appears to overlap with the peaks in the contour.
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Grid-to-rod fretting (GTRF) wear is a major cause of fuel leaks. Understanding its mechanism is crucial for
improving the reliability of nuclear reactors. In this paper we present a three-dimensional, finite-element
based approach, which reveals how the wear rate depends on the size of the gap between the grid and the
fuel rod, and on the frequency of the excitation force. We show that these two factors affect the dynamic
vibration of the rod, which leads to three different regimes: harmonic, period-doubling and chaotic. The
wear rate in the harmonic regime is significantly larger than that in the other two regimes, and reaches a
maximum when the excitation frequency is close to the resonant frequency of the system, which is
dependent on the gap size. We introduce the concept of a critical gap size that gives the maximum wear
rate, and we identify the properties and values of this critical gap size. A wear map is developed as a
result of a large number of parametric studies. This map shows quantitatively the wear rate as a function
of the gap size and excitation frequency, and will be a valuable tool for the design and optimization of the
fuel assembly to reduce the risk of fuel leaks caused by GTRF.
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1. Introduction

A major cause of fuel failure in a pressurized water reactor
(PWR) is grid-to-rod fretting (GTRF). This accounts for about 74%
of all fuel leaks and is responsible for costly shutdowns (Kim,
2009). GTRF is a phenomenon in which the turbulent flow of the
coolant exerts excitation forces on the fuel rods, causing the rods
to vibrate against the grid that supports them. This leads to fretting
wear of the rod surfaces, i.e., the zircaloy cladding around the fuel
(Axisa et al., 1988; Kim, 2010a, 2010b, 2010c). While it has been
recognized that the problem is caused by the complex interaction
between the rod, grid and coolant (Bortoleto et al., 2013; Kim
et al., 2001, 2006; Kovács et al., 2009; Lee et al., 2005; Rubiolo
and Young, 2009; Sung et al., 2001; Yan et al., 2011), there is a lack
of quantitative understanding of how the wear rate depends on the
size of the gap between the grid and the rod (referred to later as the
‘‘gap size”), and on the frequency of the excitation force (referred to
later as the ‘‘excitation frequency”). In this study we address these
two important factors and their roles in the GTRF problem.

The gap between a fuel rod and the grid depends on many fac-
tors. The rod is designed to be held in place by a compressive load
between the grid and the rod, using an initial interference between
the two components. However, this pre-load can be relaxed by
creep and deformation during assembly (Kim, 2010a, 2010c),
transportation (Kim, 2010c), and operation (Wang et al., 2013).
During operation, a gap can open because of creep-down of the
cladding (Wang et al., 2013), or close again because of fuel swelling
or expansion from hydride formation. A gap can also be created as
a result of the formation of a wear scar (Chung and Lee, 2011; Kim,
2010c; Zhang et al., 2012). Therefore, understanding how the fret-
ting wear is affected by the gap is of critical interest in the design of
nuclear reactors.

The gap size plays an important role in determining the wear
rate. Multiple possible scenarios may work together. A close fit
between the rod and grid is often associated with larger contact
pressures and frictional forces, which tend to increase the wear
rate when sliding happens. However, a sufficiently tight fit can
restrict sliding at the contact interface, and therefore reduce the
wear rate. A loose connection between the rod and grid may lead
to a high dynamic impact loads during oscillation; this would
increase the wear rate (Kim, 2009, 2013; Kim and Suh, 2008,
2009; Li et al., 2009; Zhang et al., 2014). However, if the gap
between the rod and the grid is too large, the oscillation may not
have sufficient amplitude to cause contact to happen at all; this
would reduce the wear rate. Of course, this is not a desirable con-
dition since the spacer grid will not be able to provide adequate
support for the fuel rod, and wear may shift to adjacent supports.

The wear rate is also sensitive to the excitation frequency. The
excitation force associated with the turbulent flow has dominant
frequencies that depend on the mechanical design and flow veloc-
ity (Chen et al., 1995; Delafontaine and Ricciardi, 2012; Kim,
2010c; Yan et al., 2011). Conceptually, the wear rate is expected
to increase with the fretting frequency (Lee et al., 2005) and the
vibration amplitude of the rod, since a higher fretting frequency
means more fretting cycles per unit time, while a larger amplitude
is associated with a larger force. However, the situation is subtler
than a simple dependence on two parameters, because the fretting
frequency and the vibration amplitude of the rod are not indepen-
dent. The excitation frequency affects both the fretting frequency
and the amplitude in a non-monotonic way, complicating the
effect of excitation frequency on wear. We found that as the exci-
tation frequency varies, the rod may experience harmonic, period-
doubling and chaotic modes of vibration (Shaw and Holmes, 1983).
The dependence of the fretting frequency and amplitude of the rod
on the excitation frequency may change dramatically when the
vibration mode of the rod evolves from one regime to another.
Experimental studies of different designs of spacer grids suggest
that larger gaps result in greater wear (Kim, 2009; Kim and Suh,
2008, 2009). However, the conclusions were tied to the specific
conditions that were tested, and to a limited range of gap sizes.
Numerical studies of the GTRF problem, and of the related problem
of wear of vibrating heat-exchanger tubes, give inconclusive
results. Some suggest that the wear rate may decrease with gap
size (Rubiolo, 2006; Rubiolo and Young, 2008), while others give
completely opposite predictions (Hassan et al., 2002; Rubiolo and
Young, 2009). Experiments based on displacement-controlled
impact suggest that the wear rate increases with the number of
fretting cycles (Lee et al., 2005). However, as shown by Shaw and
Holmes (1983), the effect of excitation frequency on the fretting
frequency and vibration amplitude of a dynamic system, such as
a rod, cannot be captured by a simple displacement-controlled sys-
tem. This issue forms a major aspect of the present paper.

Most existing numerical models for GTRF have been based on 1-
D simulations. While these models are capable of estimating how
normal loads and displacements are affected by the geometry
and vibration, they cannot provide local wear information, since
this requires details about the contacts and local stresses (Hassan
et al., 2005). In this paper we use 3-D finite-element modeling to
explore (i) the dynamic response of a fuel rod under the driving
forces of various frequencies induced by the coolant, (ii) the effects
of the gap size and initial interference on the wear rate of the rod,
and (iii) the effect of the excitation frequency on the wear rate.
There are two key contributions of this study. The first is the calcu-
lation of the critical gap size that generates the greatest wear. The
second is the calculation that shows how this critical gap depends
on the excitation frequency and dynamic response of the rod.
2. Numerical method

A model of a fuel rod is shown in Fig. 1. The two ends of the rod
are pinned. The center of the rod is constrained by four plates that
are connected to springs, and the springs are connected to a fixed
spacer grid. The stiffness of these springs reflects the effective stiff-
ness of more complicated support structures. Although many
modes of vibrationwill be exhibited by a fuel rod in a PWR, we limit
this study to the modes of vibration in which the maximum dis-
placement is at the center of the segments. A gap or interference
(defined as a negative gap) is established between the rod and the
supports. This is adjusted as part of the numerical studies. The fuel
rod is composed of a zircaloy cladding and UO2 fuel pellets. The
mass of the two materials is combined together when considering
the vibration of the rod. However, it is assumed that the UO2 is
not bonded to the zircaloy, and does not contribute to the stiffness
of the rod. The vibration of the rod is assumed to occur along a plane
inclined at 45� to the x- and y-axes, with symmetry dictating that
the amplitudes of the displacements in the x- and y-directions are
the same. This symmetric loading will result in the maximum fric-
tional work rate for a given force amplitude, however, it should be
noted that the motion of the rod can be in any direction in real
applications (Rubiolo, 2006; Rubiolo and Young, 2008). The nomen-
clature for the parameters and a list of the non-dimensional groups
used in this analysis are given in Tables 1 and 2.

Fig. 2 shows a 3-D finite-element model of the rod and supports.
The mesh around the contact areas was refined to capture the con-
tact information accurately. In particular, the mesh was refined
sufficiently to reduce any associated numerical errors to less than
the error bars that appear on any figures. The length and width of
the contact plates are 1.7 and 0.7 times the outer radius of the rod,
respectively. The contact plates are made from zircaloy, and their
dynamic responses are described by springs that have a character-
istic stiffness of ks. Our simulations showed that the effect from any



Fig. 1. A schematic illustration of the model used for the GTRF simulation. The fuel rod has an outer radius of R with a cladding thickness of Dc. Four support plates are
connected to springs with a stiffness of ks. The gap between the fuel rod and the plate is g. The rod vibrates along a plane that is diagonal to the x- and y-axes.

Table 2
Values of non-dimensional parameters held
fixed in all the calculations.

L=Dc 920
R=Dc 7.5
Fa

Dcks 1:2� 10�4

l 0.25
vE 3� 104

ks
EDc

2� 10�3

qL2 f 2n
E

6� 10�6

m 0.342
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material damping of the support grid is negligible. The dynamic
response of the system is modeled using ABAQUS implicit dynam-
ics. The contact between the plates and the fuel rod is formulated
using a master–slave contact pair: the surface nodes on the slave
surface move to avoid penetration by the master surface. We vali-
dated our model by test calculations using the same dimensions,
boundary conditions and material properties as those in experi-
ments (Shin et al., 1978) and in other numerical simulations
(Sauvé and Teper, 1987); the vibration displacements and the
impact forces that we obtained were consistent with those pub-
lished results as shown in Fig. 3. The detailed dimensions and
boundary conditions for these comparisons are given in Shin
et al. (1978).

The excitation force was modeled as a harmonic load, so that
the effect of various frequencies could be studied. We investigated
a large spectrum of gap sizes and excitation frequencies. For each
calculation, we ran a transient simulation until a steady-state
response emerged, or until we could determine that the response
was chaotic. The chaotic response is expected to appear in some
regimes during oscillating impact (Moon and Shaw, 1983; Shaw,
1985; Shaw and Holmes, 1983). When periodic rod vibrations
could be identified, we used the steady-state vibration response
to compute and evaluate the wear rate. Otherwise, the behavior
was identified as being chaotic. From the perspective of under-
Table 1
Nomenclature.

Dc Thickness of the Zircaloy cladding
E Young’s modulus of the Zircaloy cladding
f Excitation frequency
fn Resonant frequency of a free rod of length 2L
Fa Amplitude of the excitation force
g Gap size
ks Stiffness of the spring
L Half-length of the segment
p Local contact pressure
R Outer radius of the rod
t Time
U Displacement of the rod
w Wear depth
W Maximum local wear rate in the contact area (increase in depth per unit

time)
D Slip distance
u Coefficient of friction
v Poisson’s ratio of the Zircaloy cladding
q Density of the Zircaloy cladding
v Wear coefficient
standing GTRF, it is important to appreciate that chaotic behavior
can emerge even when the driving force is harmonic.

The wear rate associated with different parameters was esti-
mated using Archard’s Law (Johnson, 1984). In the local form of
this law, the evolution of the wear depth, w, with time t at any
point (x, y) on a surface is given by

wðx; y; tÞ ¼ lv
Z t

0
pðx; y; tÞdD; ð1Þ

where t is time, p(x,y, t) is the local contact pressure, l is the coef-
ficient of friction, v is the wear coefficient, and D is the local slip dis-
tance. Since the friction coefficient and the wear coefficient depend
on wear mechanisms as well as material and operational condi-
tions. (Kim et al., 2006; Kim, 2010b; Rubiolo and Young, 2009),
our results are presented using normalized parameters. In this
study we defined an average wear rate, or the increase in depth
per unit time, to evaluate and compare the rate at which the wear
depth increased under various conditions. If the rod vibration
reached a periodic steady-state, we divided the accumulated wear
depth over a steady-state cycle by the total time of the cycle, which
gives the wear rate. Error bars are determined based on the wear
rate of five cycles. Consideration of additional cycles for the periodic
vibration did not change the result. If no periodicity was observed,
the vibration was identified as being chaotic.

3. Results

3.1. Vibrational response

Several studies (Moon and Shaw, 1983; Shen et al., 2012; Wei
et al., 2011) have shown that the vibrational response of an object
is sensitive to the excitation frequency, and may exhibit several
types of vibrational behaviors. For the GTRF problem considered



Fig. 2. The 3-D finite-element model used for the dynamic simulations. Each plate is connected to the ground by springs with a total stiffness of ks. Contact elements and
refined meshes are used in the contact regions.
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Fig. 3. The displacement (a) and impact force (b) of the validation model are
consistent with published experiments and numerical simulations.
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here, we first needed to determine whether the system could reach
a steady-state mode of vibration. We identified three types of
vibrations. In Type 1, the fuel rod impacted the plate in each cycle,
and the vibration displacement was the same for each cycle. In
Type 2, the fuel rod impacted the plate during each cycle, but the
displacement varied between sequential cycles. In Type 3, the fuel
rod might not impact the plate during some cycles, and the vibra-
tion was chaotic.

Fig. 4 shows examples of these three types of vibrational
responses. The time in these figures is normalized by the first res-
onant frequency for the vibration of the free rod; this was obtained
by calculating the vibration mode of a free rod, without any sup-
port plates. The displacement in these figures is normalized by
the cladding thickness. The first two examples of behavior illus-
trated are Types 1 and 2; they are both periodic, but have different
periods. The vibrational period of the first type is the same as that
of the excitation force; the period of the second type is greater than
that of the excitation force. These two types are referred to as the
harmonic and period-doubling regimes, respectively. The third
example shown in Fig. 4 is Type 3. It is not periodic, and there
may, or may not be, impact in any given cycle; therefore, it is
referred to as the chaotic regime. This chaotic response arises
because of the nonlinearity of the system; a detailed discussion
about its origin can be found in Moon and Shaw (1983) and in
Thompson and Ghaffari (1982). The wear rate during chaotic vibra-
tions is relatively low since the rate of impact with the plate is
small.

Fig. 5 shows the impact force in the harmonic regime. The
impact force is defined as the integration of the contact pressure
p(x,y, t) over the contact area. The impact force and the slip during
contact both increase with gap size. Therefore the wear rate
increases with gap size in this regime. However, it should be noted
that this trend persists only in the harmonic regime, because the
contact force and slip change in a non-monotonic way in the other
two regimes.

3.2. The effects of gap size and excitation frequency on the wear rate

Harmonic regime:We calculated the wear rate using the method
discussed in Section 2. The maximum local wear rate (referred to
later simply as the ‘‘wear rate”), W, was obtained by surveying
all contact points in the contact area. The dependence of the wear
rate on the gap size is shown in Fig. 6. The wear rate increases with
the gap size, until it peaks at a critical gap size, and then drops sud-
denly. The correlation between the wear rate and the gap size in
the harmonic regime can be understood by referring to Fig. 5. As
the gap size increases, both the impact force and the slip distance
increase. Therefore, the frictional work rate becomes larger, and
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the wear rate per cycle increases. The number of impacts per unit
of time in the harmonic regime is given by the excitation fre-
quency, and is independent of gap size. As a result, the wear rate
increases with the gap size.

Beyond the critical gap size, the vibration becomes chaotic. In
the chaotic regime, the vibration is not periodic and the wear rates
are somewhat dependent on the specific sampling intervals that
are chosen for evaluation. However, they are all very small in com-
parison to the wear rate in the harmonic and period-doubling
regimes, as shown in Fig. 6. The reason for the small wear rate is
that the chaotic vibration significantly reduces the chance of con-
tact between the fuel rod and the plate, as shown in Fig. 4(c). In
the chaotic regime the vibrational behavior is fairly complicated
owing to the lack of periodicity. However, for practical applications
we do not need to worry much about this regime, since the wear
rate is small. A comparison between the plots in Fig. 6 shows that
the critical size of gap at which chaotic behavior occurs decreases
as the normalized excitation frequency, f/fn, increases.

Period-doubling regime: Fig. 7 shows the relationship between
the wear rate and the gap size at a lower excitation frequency,
where the period-doubling regime appears. Although the wear rate
still increases with the gap size in the period-doubling regime, it
fluctuates more significantly. A comparison between Figs. 7 and
6 shows that the wear rate is smaller for those conditions where
a period-doubling regime exists. However, it should be noted that
there is no sharp boundary between the harmonic, period-
doubling and chaotic regimes.

3.3. A wear rate map of the gap size and the excitation frequency

We performed a series of calculations similar to those used to
produce Figs. 5 and 6, covering a large spectrum of gap sizes and
excitation frequencies. The results are presented as a wear map
in Fig. 8, which shows the dependence of the wear rate on the
gap size and excitation frequency. In the harmonic regime, there
is a critical gap that is associated with the maximum wear rate
for each excitation frequency. When the gap exceeds this critical
value, the vibration becomes chaotic and the wear rate drops
dramatically.

We found that the maximum wear rate in the landscape of gap
size and excitation frequency correlates with the natural resonance
of the system, which is defined as the frequency of the first mode of
free vibration of a system consisting of the rod and support plates.
To determine the resonant frequency of the system, we applied an
initial displacement to the rod that was large enough to cause con-
tact between the rod and the plate. We then released the rod, and
observed the vibration for the displacement at the middle of the
rod. When the gap size was relatively small, we found that the
vibration was dominated by the first mode, and that the resonant
frequency of the system was, therefore, straightforward to deter-
mine. The dependence of the resonant frequency of the system
on the gap size in this regime is shown in Fig. 9, which also shows
how the nonlinearities become more significant as the gap size
increases.

The plot of Fig. 9 is superimposed on the map given in Fig. 8. It
will be seen that the curve appears generally to overlap the peaks
in the wear-rate contours. In other words, the peak wear rates cor-
respond to the resonance conditions. Although the amplitude of
the excitation force does affect the magnitude of the wear rate, it
has little effect on the location of these peak wear rates, because
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the resonant frequency of the system is independent of the loading
amplitude. The dependence of the wear rate on the gap size and
the excitation frequency becomes more complicated with the
appearance of period-doubling and chaotic behavior, but the wear
rates in these regimes are much smaller.

For a given excitation frequency and amplitude, there will be no
wear if the gap size is larger than the vibration amplitude of a free
rod. We simulated the vibration of a free rod under different exci-
tation frequencies. Using the maximum vibration amplitude, we
can identify the wear and no-wear regimes. These are shown in
Fig. 10 (as well as being partially shown in Fig. 8). When the exci-
tation frequency is close to the resonant frequency of the free rod,
or f/fn = 1, we have the largest possible gap size that results in some
wear. However, as shown in Fig. 8, the wear rate is relatively small
in this condition.
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We can also gain some insights about the excitation frequency
from the perspective of wear growth. The gap size increases as a
result of wear. When the excitation frequency is relatively low,
say close to or a little above f/fn = 1, the wear scar grows slowly.
However, wear will occur over an extended time, continuing even
when the gap becomes relatively large. On the other hand, in the
harmonic regime, with a relatively high excitation frequency, the
wear rate is large. The wear scar will initially grow quickly, but
then decrease rapidly as the gap size increases, and the vibration
becomes chaotic.

4. Discussion

In GTRF problems, the vibration frequencies of the fuel rod
observed in tests (Kim, 2010c; Rubiolo and Young, 2009) or simu-
lations (Rubiolo, 2006; Rubiolo and Young, 2008) are significantly
smaller than the dominant frequencies of the turbulent flow
(Delafontaine and Ricciardi, 2012; Yan et al., 2011). Instead, the
vibration is more likely to be a resonant response to certain fre-
quencies close to the natural frequency of a continuously sup-
ported rod (Choi et al., 2004). Indeed, we found that a resonant
frequency can be defined for a system with a small gap between
the support and the fuel rod, which results in a maximum wear
rate. In real applications, the stiffness of the fuel rod may change
over time when pellets start to bond to the cladding. However,
the results of Fig. 8 are presented in a non-dimensional form.
Therefore, if the resonant frequency of the rod or of the system
at any given time is determined through a separate FEA simulation,
the maximum wear rate can be easily predicted using this figure,
even if the boundary conditions such as the gap size, the rod stiff-
ness or the dominant load amplitude are changed.

In this study we simulated a unit two-span spacer-grid segment
of the fuel rod, and investigated gap formation at the center. It was
assumed that there is sufficient support to the fuel rod at the end
points. This model can also represent the case of a two-span/one-
support spacer grid along the entire length of the fuel rod, after
scaling the length of the rod. In real applications, simultaneous
gap formation at multiple supports can happen, which makes the
problem more complicated. However, the results of the simple
model provided important understanding of how the gap size
and excitation frequency affect the vibration and wear rate. We
expect that the method and the understanding, such as using the
resonant frequency of the system to determine the excitation fre-
quency that results in the maximum wear rate for a given gap size,
can be extended to more complicated situations. For instance, one
can use a 1-D model to identify the system resonant frequency
(Kim, 2010b), and then map the displacement to a 3-D model to
calculate wear.
5. Conclusions

In this paper we investigated the effects of gap size and excita-
tion frequency on the vibration and wear rate of a fuel rod using a
3D dynamic model. It was observed that the wear rate is sensitive
to the vibration response of the system. One of the important
observations of this work is that chaotic behavior occurs in such
a system, even if it is assumed that the forcing function from the
fluid is periodic. The wear rate in the harmonic regime is signifi-
cantly larger than that in the period-doubling or chaotic regimes.
Based on simulations of a large spectrum of gap sizes and excita-
tion frequencies, we found that there is a critical gap size resulting
in a maximum wear rate, and that this critical gap depends on the
excitation frequency. The peak wear rate appears to occur at vibra-
tions corresponding to the natural resonance of the system, which
also depends on the gap size. By avoiding the high-wear-rate
regimes through geometrical design of the fuel assembly, the risk
of fuel leak due to GTRF wear can be significantly reduced. For this
purpose, our present study focused on quantifying and evaluating
the effect of gap size on the wear rate. Tracking the growth of wear
scars (Hu et al., 2015a, 2015b, 2016), as well as incorporating
mechanisms such as creep, is currently in progress.
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