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Abstract 
The report covers the methods and results of the latest analytical and experimental studies of fretting 

corrosion and natural vibrations of a VVER-1000 reactor fuel assemblies (FA). The process of fretting-
corrosion was investigated using a multi-specimen facility that simulated fragments of fuel rod-to-spacer 
grid and lower support grid mating units. A computational model was developed for vibrations in the 
mechanical system of a fuel rod fragment and a spacer grid fragment. A calculational and experimental 
modal analysis of a FA was performed. Natural frequencies, modes and decrements of FA vibrations 
were determined and a satisfactory coincidence of analytical and experimental results was obtained. The 
assessment of fretting-corrosion process dynamics was made and its dependences on operational factors 
were obtained. 
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Introduction 
Under the conditions of vibration corrosion-resistant part made of structural alloys can be subjected 

to significant damage in the contact area. This kind of damage is generally called fretting-wear or 
fretting-corrosion. Fretting was first detected in nuclear engineering in the spacer grids of РRТR reactor 
fuel rods (USA) [1]. Vibrations arise in nuclear reactors due to coolant flow turbulence and pressure 
pulses. Typical fuel rod vibration frequencies   are within the interval of 80 – 150 Hz [2]. 

The problem of fuel assembly (FA) service life limitation due to fretting that came into view at the 
end of the 60-ies in the past century had been successfully solved by the beginning of the 80-ies based 
on the engineering solutions. However, thirty years had passed and the nuclear engineers find the study 
of fretting of practical interest. This interst stems from the issue of fuel assembly service life extension 
and reliability enhancement, the way it used to be thirty years ago [3,4]. 

The damage due to fretting wear [5] depends on the structural and operational parameters. 
Consequently, the methods of fuel assembly, fuel rod and spacer grid behaviour modeling shall be 
oriented at the calculation of these parameters. 

 

Experimental study of FA and fuel rod vibration characteristics 
The study of vibration characterisitcs of a full-scale FA mock-up was performed in the air at 20°C 

with load applied with impact hammer and electrodynamic shaker. The study was carried out at a testing 
rig designed for FA vertical fastening as a two-support beam, loading it with alternating force applied to 
one of the spacer grids and measuring the driving force and FA vibrational accelerations. 

Prior to the tests the FA mock-up was installed into support thimble and loaded with axial 
compression force. The design of the FA top and bottom fastening units is standard, the value of the 
longitudinal springing corresponds to FA springing at reactor operational temperature. The vibrational 
load was applied to fuel rods, spacer grids and FA supports, the FA vibratioal resonce was measured 
with piezoelectric accelerometers and a 16-channel analyzer and was processed with Pulse LabShop 
software. 

The tests resulted in determination of frequencies  , modes and decrements of natural vibrations of 
FA proper, as well as those of fuel rods within the spacer grid spans. Two main groups of vibrations of 
FA proper were determined, namely bending and torsional vibrations. The frequency of the first mode of 
bending vibrations is equal to 5 Hz and the frequency of the first mode of torsional vibrations is equal to 
7,5 – 8 Hz. 

Apart from the harmonics typical of FA vibrating as a single whole, harmonics with frequencies   
typical of the monitored span as well as adjacent spans can be observed in the fuel rod vibration spectra. 
The frequency of fuel rod vibrations in the spacer grid span is first of all defined by the span length and 
also by the fuel rod linear mass in the span as well as the spacer grid stiffness to angular turn. Fuel rod 
natural frequencies   are within the range of 2 – 3 kHz in the lower 100 mm long span, from 83 to 138 
Hz in the 340 mm long spans and from 280 to 380 Hz in the 260 mm span with a lower linear mass. In 
order to study the spacer grid location effect on the fuel rod natural frequencies   in detail, a study of 
model vibration was performed, the model comprising a fuel rod taken out of a FA and spacer grid 
fragments. The tests modeled three cases of spacer grid locations: a FA with 15, 13 and 12 spacer grids. 



Two kinds of fuel rod positioning in the spacer grid, tight fitting-in and loose fitting-in with a gap were 
applied. 

The results of the studies of a single rod mock-up vibration show that if the length and linear mass of 
the span and the type of spacer grid cell fitting-in coincide, the natuarl frequencies   of a single fuel rod 
are close to those of a standard fuel assembly. In case there is a gap in the fuel rod-to-spacer grid cell 
mating unit, the natural frequencies   of the fuel rod go down by 9% on the average. At an impact 
exitation of any fuel rod span the vibrations of the span attenuate as the distance from the excited span 
increases. The vibrations of the span can only be seen in the amplitude-frequency spectra of adjacent 
span vibrations and they are not found in distant spans. 

 
Calculational analysis of FA and fuel rod vibrational characteristics 

When the natural frequencies   of the fuel rod fragments were being calculated with FEM [6], two 
cases of mathematical model were considered that account for the fuel column structure: a monolithic 
fuel column and a fuel column that only resists to contraction. In the latter case the fuel column does not 
resist to tension: axial gaps generate. The former is a stiffer one and produces higher values of the fuel 
rod fragment natural frequencies   as compared to the actual fuel rod fragment and the latter results in 
smaller values. Besides, neither the possible pellet-to-pellet gaps nor the pellet-to-cladding gaps in 
actual fuel rods have been considered. 

The calculation results of the natural frequencies of the specified fuel rod fragments and 
experimental data defined for the fuel rod fragments in the air are provided in Table 1. 

The values of natural frequencies   defined in the experiment basically agree well with the provided 
calcuational assessments which supports the correctness of the mathematical model of the fuel rod 
fragment vibrations. For the case of TVS-2 with 12 spacer grids for 4 – 5, the detected low frequencies 
of 48 – 66 Hz correspond to the frequencies  of fuel rod fragment vibrations in adjacent 510-mm spans. 

The highest values of natural frequencies   in fuel rod fragments correspond to the mathematical 
model that considers a fuel column as if it were monolithic. It simplifies the finite-element model and 
the respective calculations are conservative at fretting-wear assessment. 

 
Experimental study of fretting wear in the fuel rod-to-spacer grid cell unit 

At the first stage the experimental studies were being carried out in still water at 20°C with two-and 
three-span specimens that contained fuel rod cladding with pellet simulators, lower support grid 
simulator and two or three spacer grid simulators. All in all, 18 specimens of two structural designs and 
various combinations of 100, 255 and 340 mm long spans were tested. The angle of specimen axes 
varied from 0 to 45 or 90 degrees against the direction of vibration, i.e. specimen longitudinal and 
transversal vibration was excited. Figure 1 provides the model and the specimens on the outside. The 
model is a plate with organic glass cover, suspended vertically from the springs above the shaker. Fuel 
rod specimens were fastened on the plate. Submerged accelerometers were attached to the fuel rod 
specimens. The plate was covered with the cover, filled up with water and was attached to the shaker. 
The tests comprised 8 stages 50 – 55 hours long, the amplitude and frequency of vibrations being 
maintained the same within each stage. As every stage was completed, the transversal backlash was 
measured in the fuel rod-to-spacer grid mating unit which could indirectly indicate the beginning of the 



wear process. If no new indications of backlash were found, the amplitude or vibration frequency was 
increased twice at the next stage. The vibration test parameters of the stages varied within the following 
ranges: the frequency of sine-shaped vibrations within 16,5 – 99 Hz, the amplitude of vibration 
accelerations within 1 – 25 m/s2 , test duration was about 50 hours. 

Following stages 6 – 8, when transverse backlash appeared in the fuel rod-to-spacer grid unit and 
traces of vibrational wear were detected in the fuel rod-to-spacer grid cell bulge contact area, roughness 
measurement of claddings and measurement of the cell inscribed diameters in specimens with the largest 
backlash had been realized . Based on the results of the measurements curves of cladding wear depth 
versus the vibrational acceleration amplitude were plotted as well as the curves of increment of the cell 
inscribed diameter versus the number of vibrational loading cycles (Fig.2). Fig.2 shows that cladding 
wear starts at spacer grid cells and the fuel rod vibration amplitudes for a 100-mm span within the 
ranges from 14 – 17 to 22 – 25 m/s2, for the 340 mm span – from 37 to 57 m/s2. The maximum depth of 
fuel rod cladding wear was about 30 μm. 

The inscribed diameter of the spacer grid cells increased by 0,1 mm on the average. The maximum 
diameter increment occured at stages 5 and 6 at amplitudes of about 16 m/s2, and later on irrespective of 
vibration amplitude increase, the rate of increment decreased 15 times. 

Experiments similar to the above ones were carried out at operating temperatures, pressure, chemical 
composition of coolant at a special tesing rig within 750 hours [5]. Fuel rod mock-ups with different 
gaps and fitting-in tightness in the cladding-to-spacer grid cell contact area were tested. The amplitude 
of vibrational acceleration for different mock-ups varies within the range of 5 – 30 m/s2. The total 
number of mock-ups tested was 18. Only one mock-up ended up with a 300 μm deep cladding wear. 
The mock-up was tested at amplitude of vibrational accelelration of about 30 m/s2 and vibration 
frequency 32 Hz. The original diametral gap in the cladding-to-spacer grid cell contact area was 0,1 μm. 
The other specimens showed no cladding wear that would exceed the unevenness of the surface 
roughness. 

 
Fuel rod cladding-to-spacer grid fretting wear in the contact area empirical model development 

An empirical model of fuel rod cladding-to-spacer grid fretting wear in the contact area was 
developed based on the experimental data investigation. For the case of wear due to fuel rod transverse 
vibrations the experimental data confirm the susceptibility to fretting wear of those fuel rod-to-spacer 
grid mating units where the tight fitting-in has loosened with gap generation. It confirms that even at 
minimum contact pressures fretting wear is considerably less that in the presence of a gap between the 
colliding parts. In this respect the model that describes the wear of the cladding and the bulging requires 
equations that describe the change of the contact forces in the presence of initial tight fitting-in as well 
as the kinetic equations of tight fitting-in loosening and diametral gap formation. If a fuel rod is installed 
with the initial tight fitting-in Δ<0 into a spacer grid cell, then for elastic-plastic material behaviour the 
contact force on the cladding in the area of each bulge can be described in the expression: 

0=kP  at 0≥Δ ; 
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where:  – an absolute value of the limiting possible contact force acting by the bulge on the 

cladding under the conditions of the developed plastic deformation of the bulge; K – stiffness of spacer 
grid cell bulges, defined in a calculation and depending on material properties and spacer grid cell 
geometry. 

RP

The actual elastic tight fitting-in that remains after fuel rod installation into the spacer grid cell with 
account for the plastic deformations received by the bulge will be represented as follows: 

0у =Δ  at 0≥Δ ; 
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In the course of operation the fitting-in tightness will decrease due to stress relaxation in the bulge. 
Besides, there will be an increase in the inscribed circumference diameter of the spacer grid cell due to 
cyclic load caused by fuel rod vibration. The change of tight fitting-in (gap) in time can be defined by an 
equation: 

∫ Δ+Δ=Δ
t

VNt d
0

у ,
(1)

where DNVVN dddd Δ+Δ+Δ=Δ ; Vd Δ  − change of fitting-in tightness due to stress relaxation in 

the bulge;  − tight fitting-in (gap) variation due to an increase in the spacer grid cell inscribed 

circumference diameter resulting from cyclic load caused by fuel rod vibration.  − tight fitting-in 

(gap) variation due to a change in cladding diameter caused pressure differential under the conditions of 
thermal and irradiation creep is defined in a calculation with computer codes that model the fuel rod 
thermal and irradiation mechanics. 

Nd Δ

Dd Δ

To calculate the tight fitting-in (gap) variation due to a change in vibration-induced cell diameter 
increase we assume the correlation: dtkd N ν=Δ , where: k − factor of vibration-induced diameter 

increase rate that depends on the contact force amplitude (as the first approximation this correlation will 
be considered linear);  − frequency of contact force variation, i.e. the frequency of fuel rod vibration in 
the grid-to-grid span. 

ν

The contact force in the support is proportional to fuel rod bowing in the middle of the span between 
the supports and is inversely proportional to the span length to power 3. In its turn, at harmonic 
vibrations the bowing amplitude in the middle of the span between the supports is linearly connected 
with acceleration amplitude in the point with the same coordinate by coefficient 1/(2πν )2. 

Consequently, the expression for Nd Δ  can be defined in the form  

dtaqd N ν
Δ ν= ,

(2)

where:  in mm; q − experimentally defined coefficient;  − acceleration amplitude in the 

middle of the span, m/s2;  − fuel rod vibration frequency, Hz. 
Nd Δ νa

ν



It is worth mentioning that in the course of the experiments in 2005 during the initial six stages of 
loading with acceleration amplitude increased at each one, there were no traces of fretting-wear in the 
claddings and bulges exceeding the surface roughness. However, a gap generated within this period of 
time. Since the tests were performed at 20 °C, the thermal creep at the temperature can be neglected and 
there was no irradiation, the component Vd Δ  in equation (1) that characterizes the decrease in fitting-in 

tightness due to stress relaxation is close to zero. Similarly, component Dd Δ  connected with the change 

of the fuel rod outside diameter is neglible small. Consequently, once we know the value of the gap 
generated within 6 stages of the tests, we can choose coefficient q, that characterizes the rate of cell 
diameter vibration-induced increase. If we apply in expression (2) acceleration in m/s2 and frequency in 
Hz, coefficient q will be equal to 5,2⋅10-5. At this, the value of cell diameter increase will be in mm. This 
value of coefficient q received to spacer grid cells with a short bulge. To get the values of q for the 
spacer grid cells of other designs similar experimental studies shall be performed. 

The value of fitting-in tightness variation due to stress relaxation in the spacer grid cell is assessed 
by three-dimensional modeling of fuel rod and spacer grid cell deformation with the finite element 
method. 

Now we pass to deducing the dependence for cladding wear rate under the conditions of fuel rod 
transverse vibrations. The model will be based on Preson hypothesis [7] that wear in an assigned point is 
proportional to the work of friction forces on the element surface that contains the point [1]. Then the 
rate of cladding wear depth variation will be defined the following way: 

U
S
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dh k

fξ==
ν

,
(3)

where: h – wear depth; dN − number of loading cycles; ξ  − coefficient that characterizes wear rate; 

 – friction coefficient; – contact force acting along the normal on the cladding on the part of the 

bulge; S – bulge-to-cladding contact area; U – tangential motion of cladding with respect to the bulge;  
− frequency of fuel rod vibration-induced oscillations in the spacer grid-to-spacer grid span. 

ff kR

ν

Friction coefficient , according to the classical theory, does not depend on the size of the plateau 

the contact force is applied to. However, in case the contact area is small, this rule is violated. Strictly 
speaking, sliding friction transforms into friction of “ploughing” as the contact pressure increases. At 
this, the friction coefficient can increase several times. The correlation of the value of friction coefficient 

versus contact pressure can be described in terms of expression: 

ff

( )n
kf APff += 1Zr , where:  – sliding 

friction coefficient for zirconium against zirconium friction pair, for zirconium components covered 
with oxide film the sliding friction coefficient depends on the friction path and can increase several 
times in the course of film wear out; 

Zrf

kk RP = / = /S kR ( )glP  – contact pressure; S − bulge-to-cladding 

contact area;  – bulge length; g – contact area width; А, n – coefficients, defined experimentally with 

special hardware. 
Pl

The values of g increase as the cladding wear depth increase. The correlation of g versus wear depth 
can be concluded from geometry analysis. Having assumed that in case of no wear the contact area 



width is close to zero, and the bulge geometry is plotted as a parabola: y = x2, following simple 

transformations the following expression for contact area width can be obtained: 
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where: g in mm;  − bulge radius; вR γ  − bulge geometry coefficient; ; h – cladding 

wear depth; μ – bulge wear rate-to-cladding wear rate ration. 

( ) 310μ1 −+= hH

Coefficient ξ  in (3) is assumed to depend on parameter  that characterizes the level of accumulated 

cyclic damage. Parameter ω  is an integral taken around the accumulated number of loading cycles-to-
damaging number of cycles ratio. It will indirectly account for fatigue damage accumulation in the 
cladding material and the effect of accumulated damage on the material wear resistance. 

ω

The damaging number of cycles Np can be linked with the amplitude of stress variation σΔ  with a 

Wailler function: , where: ( ) 1
β σσ −

− +=Δ pNM 1−σ  − endurance strength; M, β  – experimentally defined 

coefficients. 
Here we should refrain from the temptation to define coefficients 1−σ , M,  on the basis of a direct 

transformation of fatigue curve as the structural parameter of capacity to be damaged ω , that controls 
the decrease in the rate of wear resistance, will not necessarily coincide with the parameter that controls 
the damage process at cyclic loading. In this respect value 

β

1−σ  shall be considered as the threshold of 

material sensitivity to wear based on the level of stresses available in the surface layer, not as the 
endurance strength. Stress amplitude is proportional to the amplitude of contact pressure variation 

. With account for the above, we obtain: /SDRK k=Δσ
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where: N=  − number of contact force variation cycles;  − fuel rod vibration frequency in a 
single grid-to-grid span; t – time; S – bulge-to-cladding contact area; , , B, ,  – experimentally 

defined coefficients. 

tν ν

1ξ 2ξ η β

Let us consider the relation of contact force  and the motion at cladding sliding transverse to the 

bulge symmetry axis with fuel rod transverse vibration parameters. Let the vertical plane the fuel rod 
vibrates in, makes angle  with bulge symmetry angle (Figure3). 

kR

α
The amplitude of motion in the spacer grid cell can be presented as the motion amplitude of the 

middle of a double grid-to-grid span of a fuel rod. Having denoted the amplitude by , we resolve it 

into components along and transverse to the symmetry axis of the bulge: 

υ

αcosυυ =r , sinαυυθ = . 

Since in experimental studies of fuel rod vibrations, as a rule, acceleration amplitude is recorded in 
the middle of the spans, we shall define motions  and with it considering the harmonic nature of a 

particular vibration mode: 

rυ θυ

( )2πν2αcosυ DDr /a=  и ( )2θ πν2sinαυ DD /a= , where:  –  amplitude of 

vibration accelerations in the middle of a double span for the mode of vibration at frequency , 

corresponding to span 2L; L – distance between the middle planes of spacer grids. 
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Dν



The fuel rod motion in a spacer grid cell is limited by the value of diametric gap. So the amount of 
fuel rod slip in the cell transverse to the bulge symmetry axis in equation (3) will be equal to the smaller 
value out of the two ones: diametric gap and motion range transverse to the bulge symmetry axis: 

( ) ]πν2sinαmin[ 2
DD /a,U Δ= . 

It is worth mentioning, that having assumed the hypothesis on the harmonic nature of vibrations, 
acceleration in the middle of the double span  can be written in terms of acceleration of the middle of 

a single span: =

Da

Da ν2 a , where: − acceleration in the middle of a single span with vibration mode 

typical of double span. Then we have 

νa

( )]νπ2sinαmin[ 22/a,U νΔ= . 

If along with transverse vibrations axial vibrations are observed in a fuel assembly, function U shall 

be replaced by expression: 22
z zz UUU +=  where: ( ) g

22π U/aU zzz −ν= ;  − acceleration and 

frequency of fuel rod longitudinal vibrations,  − axial motion of grid in the area of a particular fuel 

rod installation due to the action of friction forces in all cells. The value of  is calculated at modeling 

fuel assembly longitudinal vibrations considering the possibility of fuel rod slip in the spacer grid cells. 

zz ,a ν
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gU

At fuel rod vibrations depending on the correlation of diametric gap and fuel rod vibration amplitude 
in the spacer grid cell the cladding will collide with one or several bulges. At this, the contact force 
acting on the cladding on the part of the bulge , will be proportional to fuel rod bowing in the middle 

of a single span  and reversely proportional to span length to power 3: 

kR

rυ ( ) αcosπν2 3-2 −
ν= LBaRk , 

where:  –  acceleration in the middle of a fuel rod single span L for the mode of single span vibration 

at frequency ; 
νa

ν B  − coefficient. 
The rate depends on the azimuth of direction fuel rod vibrates in, which changes every time it has 

collided with a bulge. With  to denote the probability density of vibration vector (angle ), the 

expression for the averaged wear rate considering the random nature of vibration direction distribution 
will be as follows: 
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where ( )[ ]hglL/aP Pk
23 ναcosν= . 

The random nature of hydrodynamic excitation loads at longitudinal-transverse coolant flow, fuel 
rod collisions at different angles with respect to the bulge symmetry axis and resulting continuous 
changes of the direction of fuel rod jumps bring about the uniform distribution of angles that define the 
direction of fuel rod vibration:  = 1/  ( )αΦ π

When creating the fretting-wear model, the appearance of hard oxide film on the cladding surface 
within the first few hours of fuel rod operation in a VVER-type reactor or within the first few hours of 
testing in an autoclave at a temperature above 300 °C shall be taken into consideration. 

The film is about 5 μm thick. In the course of fuel rod operation, cladding oxidation results in 
surface film thickness growth. Consequently, two competing processes take place simultaneously: oxide 



film thickness growth due to oxidation and its reduction caused by fretting wear in the places of its 
contact with the spacer grid. The differential equation for the kinetics of oxide film thickness in the 
contact area is written as follows: ( ) 21 FT,Ft/ −δ=∂δ∂  on initial condition of δ(τ = 0) = 5 μm, where δ 

is the oxide film thickness, τ is the time, ( )δT,F1  is the rate of oxide film growth thickness, depending 

on the temperature T and the thickness of film proper,  is the rate of oxide film wear out. Function 

 for zirconium alloys is known to look as follows: 
2F

( δT,F1 ) ( )δT,F1  = F0 exp(-T0/T)/2δ, where F0, T0 – 

constants, T – temperature. 
So far, it is not clear whether the film further generated is as hard as the one initially generated. In 

this respect we conservatively assume that the thickness of initially generated hard film does not grow. 
With account for the presence of hard oxide film with thickness h0, correlation (4) can be rewritten 

as follows: 
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14 experimentally determined constants: 21212121212121 n,n,A,A,,,,,,,B,B,, ηηββσσζζ  are present in 

provided correlations for wear depth. Evidently, the results of not less than twelve experiments on 
cladding wear depth definition shall be available to define them. Unfortunately, the available database 
on both operational and testing bench results for cladding wear, in most cases provides indirect and 
insufficiently precise data on wear depth. Three experiments can only be pointed out with wear depth 
estimated using section metallographic study. In particular, in the course of two experiments performed 
in OKB “Gidropress” testing bench referred to in the beginning of the article, having tested the 
specimens for about 50 hours at loading stage 7 and for the same time at loading stage 8 at 20 °C and at 
different levels of acceleration amplitude and vibration frequencies, the wear depth was determined 
equal to 10 and 30 μm, respectively. Besides, in experiments at temperature close to operating, the fuel 
rod cladding wear depth of 300 μm for 750 hours of testing was recorded in one specimen. In all the 
other cases we deal with either mentioning of wear without indicating its depth, or with wear signs 
within surface roughness, or no wear at all. 

Under the circumstances, the search of the 14 unknown coefficients in equations (5) can only be 
realized by linear programming method with determination of the minimum of Ф function below: 

(∑
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), where: ii h,h   − rated and experimentally determined wear depth, ( ) ( )2iiiii hhhh −=ρ  for 

experiments in which the wear depth was determined for the metallographic sections. 
For the experiments in which the wear depth was not determined by metallographic method, 

function  will be written as follows: iρ
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1ih , 2ih  are the limits of possible wear depth set up by an expert on the basis of the data available in 

the test reporting documents that specify oral explanations of the specialists engaged in performing the 

experiments. In case the reporting documents indicate no wear, 1ih  is assumed to be equal to zero, and 

2ih  to be equal to the maximum height of the rough surface dents. 

Despite a sufficiently high effectiveness of the above approach to a search of the unknown 
coefficients in the cladding wear equations, the available experimental database is not enough to create a 
complete mathematical model with fourteen coefficients that characterize the material resistance to 
wear. Along with the three experiments mentioned above, only two more experiments contain totally 
new information on lack of traces of cladding wear after tests in hot and cold states. We can 
conservatively assume for one experiment in the series with maximum loading level and no traces of 
wear the wear depth equal to the height of rough surface texture. The other experiments either to a 
certain extent repeat the information obtained in the above five experiments or do not provide reliable 
data on the cladding wear depth. 

In this respect the number of unknown coefficients needs to be decreased by reducing the effects 
accounted for in the created model. Thus, having assumed coefficients  and  equal to zero, we will 

not consider the dependence of friction coefficient on the contact force, i.e. the effect of run-in setting in 
the cladding-to-bulge contact area. At this, there will automatically be no need in defining coefficients 

 and , since the multiplier they are incorporated in will be multiplied by zero. Let us also assume 

that in the transverse section the bulge is sufficiently obtuse and in the process of bulge and cladding 
wear the contact spot width does not change g(h) = const. 

1A 2A

1n 2n

Besides, let us conservatively assume the threshold of material sensitivity to wear by the level of 
stresses  equal to zero. 1−σ

It will result in only six unknown coefficients in the model, and formulae (5) take the form: 
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, i= 1,2; 

τ0 = 0 at i = 1, τ0 = t0 at i = 2; t0 − time at h = h0; L, lp − in mm;  − m/s2. νa

The processing of experimental database with linear programming method provided the following 
values of coefficients in formulae (6) 1ζ =2,2·10-17, 2ζ =2,48·10-12, λ 1=1,66, 2=1,5, =1,3, λ 1η 2η =1,4. 

The calculation assessments with the obtained formulas show that under the conditions of fuel rod 
operation as a part of fuel assemblies in VVER-1000 reactor cores at typical values of vibration 
accelerations 1,5 m/s2 and fuel rod vibration frequency 74 Hz for 1500 days, in case of 0,1 mm initial 



tight fitting-in of the fuel rod-to-spacer grid mating unit, the cladding wear depth is 10-5 μm. In case the 
initial tight fitting-in is 0,01 mm under the same loading parameters, the wear depth is 0,2 μm. 
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Table 1. The experimental data ahd calculation results of the natural frequencies of the 

specified fuel rod fragments 

Natural frequencies, Hz 
Experiment 

Experiment Calculation1 

9 fuel rod fragment simulators 2 72 68 – 88 
15 spacer grid TVS-2 fuel assembly3, 
all spans 255 mm long 

140 – 260 202 – 259 

12 –  spacer grid TVS-2 fuel assembly 3, 
spans and longs: 
1 – 2 and 2 – 3 at 255 mm 
4 – 5 at 255 mm 
7 – 8 at 510 mm 
4 – 5 at 255 mm 

 
 

140 – 260 
48 – 66 and 140 – 260 

48 – 66 
140 – 260 

 
 

202 – 259 
202 – 259 
50 – 64 

202 – 259 
TVS-2M 3, spans 340 mm long 90 – 150 113 – 146 
1 first - a fuel column that only resists to contraction, second - a monolithic fuel column 
2 OKB “Gidropress” testing bench in 2002 
3 Experimental studies of natural frequencies   of a single fuel rod model at OKB 
Gidropress in 2005 



 
Figure 1. Model for fretting-wear testing: 1 – 
plate; 2 – two-and three-span specimens that 
contained fuel rod cladding with pellet 
simulators; 3 – spacer grid simulators; 4 – 
accelerometers 



 
 

 

 

 
Figure 2. Correlation of cladding wear 
depth versus vibration acceleration 
amplitude (a) and bulge wear depth versus 
the number of cycles (b): 1, 2 – wear at 
Stage 8 (amplitude = 22 – 25 m/s2, τ = 52 
h 20 min, amplitude in 340 mm span up to 
57 m/s2) and 7 (amplitude = 14 – 17 m/s2, 
τ = 50 h 45 min, amplitude in 340 mm 
span up to 37 m/s2); 3, 4 – after Stages 5 – 
8 (amplitude = 14 – 25 m/s2, τ  = 208 h 35 
min) and Stages 5 – 6 (amplitude = 16 
m/s2, τ = 105 h 30 min) 

 



 
Figure 3. Fuel rod vibration diagram: 1 – 
direction of fuel rod vibration; 2 – θυ , 3 – rυ  − 

azimuthal and radial fuel rod vibration 
amplitudes; 4 – bulge symmetry axis; 5 – bulge. 


