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Abstract: 

The friction forces affect the fuel assembly (FA) strength at all the stages of its lifecycle. The paper covers the 

methods and the results of the pre-irradiation experimental studies of the static and dynamic processes the friction 

forces are involved in. These comprise the FA assembling at the manufacturer’s, fuel rod flow-induced vibration and 

fretting-wear in the fuel rod-to-cell friction pairs, rod cluster control assembly (RCCA) movement in the FA guide 

tubes, FA bowing, FA loading-unloading into the core, irradiation-induced growth and thermal-mechanical fuel 

rod-to-spacer grid interaction. 
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1. Introduction 

The first attempts to study the friction and wear in machines go back to the Middle Ages. Nowadays the 
scientific societies of tribologists in all industrially developed countries keep on investigating the problem because 
the annual economic losses caused by machine wear are enormous though the highly scientific, engineering and 
industrial methods and means to cope with wear are both available and effective. The challenges of studying the 
friction and wear originate from the nature of these non-linear complex processes. Tribology as a science of friction 
and wear is a comprehensive subject that describes the processes in terms of mechanics, chemistry, physics, 
materials science mathematics, similarity theory etc. 

The operating environment for the friction pairs in nuclear power engineering, in particular, for the internals 
and fuel assemblies of VVER-1000 reactors (Fig.1) differs from that of the traditional machine-building industry in 
a number of factors. They comprise the application of stainless steels and zirconium alloys in friction pairs, high 
temperature, water coolant flow, irradiation, uneasiness of access for maintenance, impossibility of applying 
lubrication etc. A VVER FA has several thousand interference fit joints of fuel rod-to-spacer grid. A fuel rod is 
subjected to the forces and moments of the reaction of supports, in particular, of spacer grids that result from the 
elastic strain of the fuel rod and the spacer grid cells. The mechanics of the fuel rod-to-spacer grid interaction is 
described, for example, in [1]. 

The status of these joints can change from immovable to movable at the stages of FA assembling and operation 
which gives rise to the processes of mutual sliding and friction of components. The friction forces can cause 
inadmissible strain of the spacer grids and fuel rod cladding wear and therefore, it is necessary to study them and 
consider at designing. 

Fuel rods slide with respect to the spacer grids during FA assembling at the manufacturing plant, at operation 
in the process of thermal mechanical non-simultaneous elongation of fuel rods and guide tubes as well as at 
flow-induced fuel rod vibration. The knowledge of the laws of friction and wear of FA components is required for 
its life cycle management from the stage of designing as far as the end of operation to justify the thermomechanical 
and vibrational strength, and the information can only be obtained from the tests. 



 
Fig. 1. VVER-1000 FA and its components: a - fragment of spacer grid and guide tube; b - spacer grid cell; c - 

spacer grid with guide tube fragments; d - fragment of skeleton of guide tubes and spacer grids; 1 - top nozzle; 2 - 
guide tubes; 3 - fuel rods; 4 - spacer grids; 5 – bottom nozzle. 

The guide tubes and the fuel rods are inserted at the manufacturing plant step-by-step into the cells of a row of 
vertically positioned spacer grids rigidly fixed on a horizontal assembly stand. To reduce the friction forces the 
guide tubes and the fuel rods are coated with varnish. In case we refrain from applying varnish, the maximum values 
of the total friction forces over all the spacer grids can considerably exceed 1000 N. The longitudinal scratches and 
chips that appear in the areas of sliding friction on the surface of the fuel rod claddings evidently result from the 
processes of plastic pushing and cutting. The economic efficiency of refraining from varnish coating calls for a 
method of reducing the friction forces and the depth of the damage on the fuel rod claddings. 

The quasi-static friction forces arise at non-simultaneous motion of the fuel rods and guide tubes due to the 
temperature and radiation creep of the materials and fuel rod cladding elongation. 312 fuel rods slide with respect to 
the spacer grids of the skeleton formed by the guide tube and the spacer grids welded to it. And load the spacer grids 
with the longitudinal friction forces. The friction force is basically the function of the interference fit between the 
fuel rod and the spacer grid cell [2]. Under the Program of elaborating a rigid FA with a welded skeleton launched 
soon after 2000 the problem of the skeleton strength at non-simultaneous thermal mechanical elongation of the fuel 
rods and guide tubes was being solved. To estimate the thermal-mechanical strength of a spacer grid tests were 
realized to push a fuel rod bundle through the spacer grids rigidly welded to the mock-up guide tubes in a two-span 
fuel assembly mock-up [3]. The fuel rod claddings were as-delivered from the manufacturing plant. The tests 
revealed a tribilogical problem that needed to be solved. 

The friction coefficients of zirconium alloys and the effect the design, process and operational factors produce 
on them were then unknown. The design factors involve the interference fit and the contact surface status (oxidized, 
polished, anodized). The operational factors involve such phenomena as vibration, speed of sliding at 
thermal-mechanical elongation and some others. Therefore the design decisions for the welded skeleton FA were 
chosen to be the most conservative to ensure its thermal-mechanical strength. 

The best-known friction force-related phenomenon that appears in the course of PWR-reactor operation is the 
fretting-wear in the fuel rod-to-spacer grid cell contact pair in case a gap appears between the mating surfaces at 
excessive vibration. Another case is the debris-induced fretting-wear in BWR reactors, i.e. the fuel rod cladding 
wear by foreign objects. Transverse vibration appears as the fuel rods interact with the transverse-longitudinal 
coolant flow. 



 
In the course of FA improvement along with the studies of the above problems the friction processes of the FA 

top nozzle components were investigated that involve the phenomenon at pressing the upper shell, in the collet unit 
of the FA detachable top nozzle fastening to the guide tube. The top nozzle design, altered to eliminate the effect of 
movable component blockage, turned out to be successful. The changes dealt with increasing the gaps between the 
movable parts of the top nozzle, introduction of the guide shells that enclose the spring unit and stop sleeves of the 
collets. 

Friction forces were also investigated in the course of test simulation of reactor core assembling and FA 
unloading from reactor at increased rates Experimental correlations were obtained for friction forces versus the rate 
of FA-2 mock-up loading-unloading into a cell with 6 FAs around. The increased rate of the fuel handling 
procedures with the FAs at reactor core loading and unloading was justified. 

Below are provided the results of some research of the friction processes in TVS-1000 fuel assembly. 
 

2. Investigation results 

A study was performed of the effect of the ultrasonic vibrations on the process of the fuel rod cladding friction 
against the spacer grid cells in order to reduce the friction forces at FA assembling. 

A fragment of a welded skeleton of the FA was studied that comprised 10 spacer grids and 18 guide channels 
and a fuel rod cladding in the air at room temperature. The longitudinal pushing force was applied to the upper plug 
of the fuel rod via the dynamometer and ultrasonic wave transmitter. The test results are presented in Figure 2. 

 
Fig. 2 Friction force versus time with ultrasound off/on 

 
Without the ultrasonic vibrations the pushing force at fuel rod motion was 700-800 N, and after the ultrasonic 

longitudinal wave transmitter was turned on it decreased to 180-210 N. 
The reduction of the force depends on the ratio of the driving in force and the wave velocity of ultrasound. The 

effect is ensured by additional force created by the ultrasonic wave transmitter. 
The history of PWR reactors accounts for several cases of RCCA sticking in FA guide tubes at reactor scram, 

caused by increased friction forces in bowed fuel rods at the end of the past century. 
To find the reasons for FA bowing and irregular actuation of RCCAs at the end of the past century and at the 

beginning of the 2000-ies a set of research programs was launched. The dependences of the drop time and RCCA 
friction force versus FA bow [4] were studied in a full-scale mock-up of VVER-1000 fuel assembly, as well as the 
forces of elastic and non-elastic FA resistance at transverse bowing. Fig. 3 provides the dependence of the friction 
force versus the elevation of RCCA in a FA, bowed after shape 3 and the FA elastic line.  It was shown 
experimentally that the critical parameter that determines the RCCA sticking is the bowing of the FA guide tubes, 
i.e. the value inverse to the fuel assembly bow radius. The additional local increments of the friction forces give 
sections with sign alteration, i.e. kinks.  Fuel assembly bow to shapes I and II (of C and S type with the limiting 
bow amplitude equal to almost 25 mm detected at a NPP almost did not influence the RCCA drop time and the 
friction force at ECCA motion in the guide tubes. The III-shape bow with the deflection amplitude of ~13 mm 
caused an inadmissible motion slow down and RCCA sticking. 

The problem of RCCA sticking in VVER reactors was solved by eliminating the causes for the FA inadmissble 
bow parameter accumulation for the service life by increasing the individual bending rigidity in the new design of a 



welded-skeleton FA (rigid FA) and a reduction of the longitudinal force of FA compression in reactor. 
 

Fig. 3 Friction force versus RCCA elevation inside the FA bowed after shape III: 1 – elastic line of FA bow; 2 − 
friction force; ДР – spacer grid 

 
The creation of a rigid FA was accompanied by bending tests of several scores of FAs of different designs with 

a transverse concentrated force. The investigation of the friction forces demonstrated a hysteresis in the force versus 
motion diagrams. The correlation (Fig. 4) of the transverse force versus FA bow [5] was of non-linear nature. 
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Fig. 4 – Transverse motion of spacer grid 7 of a welded skeleton FA mock-up at bowing 
 

The characteristics obtained at the mock-up bending always have several sections in which the reduced rigidity 
(transverse concentrated force applied to the middle FA spacer grid, divided by the diplacement of the middle grid) 
considerably differs. The rigidity at the initial section at displacements up to ~1 mm, is the sum of the rigidity of the 
skeleton and the fuel rod bundle immovable relative to the spacer grid cells. Then, as the transverse dispacement 
increases, the fuel rod starts moving relative to the suppporting bulges of the spacer grid cell and turns sliding with 
respect to the spacer grid cells. At this, the annular rigidity of the fuel rod support (the moment divided by the angle 
of rotation) drops [3] and the reduced rigidity of the FA also drops. Part of the forces and moments of the fuel rod 
support reaction after the fuel rods start moviong in the spacer grid is ensured by elastic, and part by non-elastic 



(friction) resistance of the cells. The presence of friction accounts for the hysteresis of the characteritics of the 
mock-up bowing. 

The mechanism of friction at the fuel rod turns at transverse bowing of FAs and fuel rods accounts for the 
effects of damping increase and response vibration frequency reduction with vibration amplitude increase. These 
effects are considerable at large amplitudes of low-frequency vibraitons, that arise at seismic impact. The effect of 
the vibration amplitude on the modal characteristics of FA were investigated in Reference [6] at kinematic loading 
of the mock-up supports with sinusoidal vibration load at variation of the amplitude of the mock-up support 
acceleration from 0,2 to 5 m/s2. As the mock-up support amplitude acceleration increases, (Fig. 5) the response 
frequencies of the mock-up vibrations displace towards the low-frequency region and the amplitude of the response 
function equal to the ratio of the amplitudes of response and effect goes down. In some cases after the amplitudes of 
support acceleration have reached 1-3 m/s2 the displacement of the response frequency to the low-frequency region 
actually ceases and the increase of the response function modulus at response begins. The phenomenon can be 
explained by the fact that at low amplitudes of vibration there is no relative displacement of FA components, i.e. the 
FA behaves as a single unity. As the amplitude of vibrations increases, the processes of FA component sliding and 
friction begin (for example, the sliding of fuel rods at turning in the spacer grid cells, movement of fuel pellets), and 
at this, the number of units involved into the sliding increases as the amplitude of support vibration goes up. 
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Fig.5 – Modulus of input/output function of sinus swept tests; ДР – spacer grid 
Fretting-wear is among the root causes of PWR and BWR fuel failures in multiple reliability analyses. 

Fretting-wear originates from the sliding friction of fuel rods in the spacer grid with the participation of oxygen 
available in coolant. The methods of model tests elaborated in OKB GIDROPRESS [7] ensure the dynamic 
tribotechnical similarity and a transferability of the test results on a standard FA. The studies of the process of 
fretting-wear of the fuel rod-to-spacer grid friction pair and the structural materials in the conditions close to the 
standard ones in temperature, pressure, velocity and coolant water chemistry [8]. The tested designs of the mating 
friction pairs of VVER fuel rod-to-spacer grid have demonstrated experimentally to possess a considerable margin 
of vibration strength both for steel and zirconium spacer grids under normal operating conditions. With the 
amplitude of vibration accelerations of the fuel rod claddings exceeding the design amplitude several times and in 
the presence of gaps in the fuel rod-to-spacer grid mating pair the obtained wear of the fuel rod and spacer grid 
specimens was similar to the wear of standard fuel assemblies that had operated under excessive vibrations. The 
results of the tests of materials in a specially designed tribometer autoclave gave the assessments of the wear 
coefficients for zirconium materials from the Archard equation. The wear coefficient for the zirconium claddings in 
the friction pair of the mating spacer grids of the same alloy is equal to 0,6*10-3. 

The studies of the frictional interaction of standard mating components that simulated the contact conditions of 
the fuel rod cladding-to-spacer grid cell in VVER FA filled up the gap in the knowledge of the friction coefficients 
of the zirconium components after the investigation program was launched in 2006 in OKB GIDROPRESS [9]. The 
studies were performed in a specially designed tribimeter. The friction coefficient was measured at longitudinal 
reciprocal motion of a fuel rod fragment and three fragments of spacer grid cells pressed to it. The contact geometry 
is presented in Fig.6. The effect of the loading parameters on the friction processes, as well as the working surface 
lengths and their state was estimated. It was the first time the friction coefficients for zirconium alloy components 
had been obtained. For the as-delivered components the friction coefficient was equal to 0,55, and with the oxide 



surface film it turned out to be three times as low. 
A larger-scale investigation described in Reference [10] made it possible to determine the effect of normal 

force in the contact, the velocity of mutual displacement, geometry of the spacer grid cell and the state of the contact 
surfaces on the friction coefficients. 

The main friction mechanisms are the surface friction with full (friction coefficient 0,5-0,8) or partial (friction 
coefficient 0,2-0,5) contact of pure metal surfaces and friction with protective films that are characterized with 
friction coefficients at the level of 0,1-0,2. 

 
Fig.6. Diagram of specimen friction testing at longitudinal vibration sliding 
1 – movable fuel rod cladding specimen, 2 – mating spacer grid cell fragments 

The factors that cause the protective film destruction are the contact pressure, that depends on the normal force 
and the area of actual contact, and the rate of reciprocal displacement of the specimens. 

The specimens can be divided into three groups with different surface treatment depending on the state of the 
surfaces and the dynamics of the friction coefficient variation in the course of the tests: 

- Group I: friction pairs of etched and polished claddings and cells as delivered from the manufacturing plant. 
The group is characterized by either full or partial contact of metal surfaces within the entire range of velocities and 
normal forces in the contact, the friction coefficient being on the average 0,5-0,6, but in certain experiments it 
reached 0,83. 

- Group II: friction pairs of anodized claddings and cells as delivered from the manufacturing plant; the friction 
pairs of claddings and cells that have been subjected to autoclaving in water or oxidizing in a thermostat in the air at 
320 °C during for 3 hours. At the beginning of the friction process the specimens of Group II have the friction 
coefficient equal to 0,1-0,2, typical of the surfaces with protective films. In the course of friction the protective films 
are partially or completely destructed, which leads to the friction coefficient increase to 0,2-0,5 at partial destruction 
and the values typical of the specimens of Group I at complete destruction. 

- Group III: the friction pairs of claddings and cells that were subjected to autoclaving in water at 320 °C for 
35 h or oxidizing in a thermostat in the air at 320 °C for 15 h. The friction coefficients within the entire range of 
normal forces and velocities of displacement are at the level of 0,1-0,2, which corroborates the sufficiently high 
strength of the surface protective films. 

So far the effect of such operational factors as transverse vibration, ultralow velocities of reciprocal 
displacement of specimens typical of the processes of the radiation-induced elongation of fuel rods as well as the 
temperature and medium has been not been studied. The purpose of the study described in [11] was to determine the 
effect of the above factors on the zirconium alloy friction coefficient. Since the zirconium alloy friction coefficients 
at different stages of FA lifecycle considerably differ, fragments of polished claddings and spacer grid cells for 
FA-2006 were taken as-delivered from the manufacturing plant (oxide film-free) and with protective films obtained 
after autoclaving. 

The tests were performed in the friction machine and tribometer UMT-3M, CETR.  
Specimens of a standard fuel rod cladding and spacer grid cell fragment with a contact protrusion were tested 

at translation motion along the fuel rod cladding axis (Х). Temperature varied (20 or 320 °C), as well as the medium 
(air, water), motion velocities (0,001 mm/s and 1 mm/s), contact forces (1-10 N) in the presence of transverse 
vibration (along Y-axis, at frequency 16,5 Hz with the amplitude of 40 µm) and free from it. The friction trace along 
X-axis was 5 mm. The friction coefficient for the autoclaved specimens without vibration was equal to 0,15-0,20. 



The vibration tests showed areas with abnormally low reduced (in the direction of translation) friction coefficients 
of about 0,03 (Fig. 7). 

 

Fig.7 Effect of vibration in reduced friction coefficient in the direction of translation (contact force 1N, vibration 
frequency 16,5 Hz). 

The value is only typical of the tests of the autoclaved specimens with transverse vibration and longitudinal 
sliding velocity of 0,001 mm/s, that simulate the longitudinal irradiation-induced growth of the fuel rod. Depending 
on the parameters of loading, temperature and the path length the area either remained during the entire experiment 
or changed for friction with a higher friction coefficient in the direction of translation, that reached 0,6. The increase 
in the friction coefficient can be accounted for the wear of protective film on the cell (or the film of the both 
specimens) by friction forces at vibration and a transfer to the mechanism of pure metal surface friction, for which 
the friction coefficient values of 0,6 in the direction of translation motion are typical. An abnormally low friction 
coefficient was also obtained in the tests of the friction pair with a full standard cell with three contact protrusions. 

The post-test wear depth in the friction specimen surfaces is 6-8 µm, and the oxide film thickness does not 
exceed 1µm. The post-test specimen friction platforms are given in Fig. 8 and 9. 

 

0 

128 
256 

384 
512 

640 
Х, мкм 

120 

240 

360 

480 

Z, мкм 

Y, мкм 

90 

180 

 
 
Fig. 8. Wear platform on an autoclaved fuel rod cladding. (contact load 1 N, vibration frequency 16,5 Hz). 



 

 

Х, мкм 

0   
256 

  512  
768 

1024 
1280 

120  

240   
360   

480   

185   
370   

Y , мкм  

Z , мкм   

 
Fig. 9. Wear platform on an autoclaved SG cell 

In the as-delivered specimens the friction coefficients without transverse vibration are 0,5-0,6, and in the 
conditions of transverse vibration the friction coefficient in the direction of translation motion can vary with 
doubled frequency of transverse vibrations within 0,2-0,6. I.e. transverse vibration periodically considerably reduces 
the friction force in the direction of the translation motion at longitudinal sliding. The temperature and medium do 
not make statistically significant effect on the friction coefficient. 

DISCUSSION 
Such operational factors as transverse vibration, low velocities of reciprocal displacement of fuel rods and 

spacer grids with transverse vibration, contact component surface oxidation gave a triple reduction of the friction 
forces in the above factors. Meanwhile, it is worth mentioning, that under normal conditions of FA operation there 
is no environment without oxide films on the fuel rods and spacer grids, vibration and a high velocity of 
longitudinal sliding. The average rate of irradiation-induced growth of a fuel rod at the elongation by 30 mm for 3 
years is equal to 0,02 µm/m. The value of 0,02 µm is lower that the typical size of roughness. Under the conditions 
of such a low rate, non-uniform neutron flux and considering the contact elasticity it is worth expecting the process 
of sliding of each fuel rod relative to each spacer grid of the skeleton to be individual, discontinuous, spasmodic and 
non-simultaneous with the others. I.e., the 312 fuel rods are unlikely to move relative to the spacer grids and to load 
it with the friction forces at the simultaneously same rate as in the experiments of pushing 312 fuel rods through the 
skeleton [3]. For the sake of illustrating a comparison can be made with a case when some ice frozen on a branch of 
a tree can break it whereas the same amount of water that comes with the rain won’t affect it. Thus, the total 
probability of the four above conditions of low probability is of still smaller probability. In our opinion, the 
irradiation-induced growth of fuel rods under the operating conditions cannot be the cause of considerable 
thermo-mechanical loads (friction forces on the part of the fuel rods) on the spacer grid, its deformation in the 
direction towards the fuel rod growth and destruction. 

3. CONCLUSIONS 

The transformation of the movable joints of the guide tube and the spacer grid into immovable with point 
welding in rigid fuel assemblies together with other measures helped to solve the problem of FA bowing but gave 
rise to the problem of thermo-mechanical longitudinal loads on the spacer grids due to fuel rod friction forces at 
their irradiation-induced growth non-simultaneously with the guide tubes. The above investigations have shown that 
the available designs of rigid fuel assemblies contain considerable conservatism, that can be used in the FA 
improvements in future designs, for example, in a 0,3 mm wall spacer grid cell replacement with 0,25 mm wall, 
increase in the spacer grid-to-fuel rod contact line length in order to reduce the contact pressure and increasing the 
resistance to fretting-wear etc. 

The results of the studies of the friction force reduction with ultrasound at FA assembling can facilitate the 
process. 

The research activities performed in OKB GIDROPRESS with the sponsorship of JSC TVEL on experimental 



justification of the static, thermo-mechanical, vibration strength of several designs of VVER FA show that the 
friction forces in a FA produce considerable effect on its strength, operability, as well as the reactor safety. The 
results are used to improve the strength and reliability of the FAs, designed in OKB GIDROPRESS. 
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