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1. Introduction 

The problem of flow-induced vibration of reactor 
equipment has a long and dramatic history.  

Early reactor internals vibration studies of pres-
sure water reactors were conducted at initial phase 
of NPPs operation. These studies had been insti-
gated by unexpected damages of internals brought 
about by the vibration in the stream. 

It was assumed that principal causes of the 
said damages were the underration of perturbation 
hydrodynamic forces (and, correspondingly, insuf-
ficient scope of vibration-strength substantiation at 
the design stage) as well technological errors of 
the engineering design. 

NPP operation experience has demonstrated 
that reactors of all types had suffered, to various 
extend, due to flow-induced vibration. The WWER 
reactors did not avoid this predicament. One of the 
most serious damages of the equipment was dete-
rioration of the automatic control assembly (ACA) 
protective sheaths in WWER-440 reactors having 
been occurred during the first ten-year period of 
the reactors operation and related, as it was found, 
to the sheath vibration caused by increase of chan-
nel-by-channel coolant flow rate [1,2]. 

Simultaneously with reactor modernisation 
measures there were elaborated programmes for 
detailed analysis of the reactor in-core equipment 
with an intention to confirm the effectiveness of 
modernisation having been carried out as well as 
to study the vibration strength of next reactor 
generations. With regard to the WWER reactors 
the aforementioned programmes envisioned 
conducting of work in the following lines: 
• Investigation of the hydrodynamic perturbation 

forces in order to identify basic parameters 
characterising the flow instability; in the frame-
work of this work area it was also planned to 
optimise the hydrodynamics of the reactor set-
tling with an aim to reduce the equipment 
stress.  

• Study of the internals vibration characteristics:  
modes and eigenfrequencies taking into ac-
count the fluid added masses, as well the char-
acteristics of the oscillation damping; 

• Analysis of the actual vibration loading of reac-
tor internals including assessment of their cyclic 
strength. 

During later years the vibration noise diagnostics 

methods were being actively developed. These 
methods meant for detecting of non-design-basis 
conditions of the reactors by vibration and noise 
signals. 

Main lines of the vibration studies are: 
• Bench research of the reactors scaled models 

at the reactors design stage; 
• Computational analysis of vibration characteris-

tics of the reactor internals and fuel assemblies 
(FA) using mathematical models; 

• Vibration monitoring of the internals and FA 
under operating conditions. 

Experience and results of the vibration studies al-
lows to state that these studies should be con-
ducted at all stages of the reactor life cycle by us-
ing all indicated methods of the vibration studies. 

Moreover, the insufficiently comprehensive re-
search and substantiation of vibration strength may 
lead to necessity of conducting the repeated (and 
more detailed) studies. 

As a demonstrative example, in this context, 
may be the work package on the reduction of the 
vibration loading of fuel assemblies at NPP Angra-
1 with a two-loop Westinghouse pressure water 
reactor [3]. At the NPP a multiple failure of the fuel 
assemblies occurred during the 4-th fuel cycle. 
Main failure cause – a fretting wear in the spacer-
fuel rod couplings, induced by abnormal vibration 
of internals and fuel assemblies. From then on 
(from 1993) the intensive computing-experimental 
studies of the fuel assemblies vibration are being 
conducted at the NPP. As a first measure the de-
sign of the spacer-fuel rod was modified in order to 
enhance the rigidity of the spacer-fuel rod cou-
plings, being controlled by measuring the drawing 
force in the course of fuel assembles manufactur-
ing. But during the 6-th fuel cycle the multiple fail-
ure of the fuel assemblies happened again due to 
the higher level vibration. After conducting the full-
scope vibration tests of the fuel assemblies a 
structure resonance having the prohibitive level 
was detected which had been excited by the cool-
ant stream. Its existence has been confirmed by 
computational models as well by neutron-noise 
measurements that are being carried out on regu-
lar basis from 1997 on.   

As a result the fuel assembly had been essen-
tially redesigned and the 8-th fuel cycle started out 
with the core consisting exclusively of new fuel 
assemblies. Simultaneously there were defined the 
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vibration diagnostic thresholds, exceeding of which 
is prohibited under operating conditions. From then 
on the fuel assembly failures stopped. 

Hence it may be stated that the vibration stud-
ies of internals and the fuel assemblies should be 
conducted during the reactor designing, commis-
sioning and commercial operation stages and the 
analysis methods being used should complement 

each other (Figure1).  
The present paper describes the methods and 

main results of the vibration noise studies of inter-
nals and the fuel assemblies of the operating 
WWER NPPs as an example of the implementa-
tion of comprehensive approach to the analysis on 
equipment flow-induced vibration.  

At that, the characteristics of internals and FA 
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vibration loading were dealt jointly as they are 
elements of the same compound oscillating sys-
tem and their vibrations have the interrelated na-
ture. 

 
 

2. Vibration Studies at the Design 
Stage 

Starting from he seventies (last century) the com-
mon procedure used for the vibration studies and 
substantiating the vibration strength of equipment 
under design was application of the scaled physi-
cal models of the equipment. The models being 
used ranged from simplified methodological mod-
els of 1:40 scale to full scope segments and mock-
ups of the equipment (Figure 2). 

The studies of the dynamics of complex hy-
droelastic systems on the basis of the scale mod-
els are of utterly importance due to the following: 
• When carried out on a broad range of modes 

with applying various types of vibration exiting 
and diverse means of vibration loading monitor-
ing these studies allow to get systemised infor-
mation not merely on the object under research 
but also on the physical phenomenon in general; 

• During the model research it is possible to de-
velop several versions of a assembly or com-
ponent under investigation using of an opti-
mised version of the actual construction; 

• Some parameters (such as, oscillation damping 
characteristics) can be investigated in detail 
and reliably only with using of the models; 

• In the process of the model studies the charac-
teristics of vibration loading in accident or Tech-
nical Specifications boundary conditions can be 
analysed in detail. 

As a rule during testing of simplified models there 
were researched local tasks: study of vibration 
characteristics of standard design components 
(housing, plates, pins), analysis of added masses 
of liquid, checking the reliability of computational 
analysis methods etc.). Typical example of the said 
models is a simplified model of the reactor core 
barrel having been studied in the air and in fluid 
using various methods of its fastening [4]. For 
visualisation of modes the method of holographic 
interferometry was used (Figure2). Evidently, with-
out pretension for the substantiation of the real 
reactor vibration strength, the mentioned and simi-
lar researches produce wealth of information for 
development of methods of the vibration computa-
tional analysis.  

Tasks of the studies of vibration of large scale 
equipment models (M1:5 – M1:4,45) and full scale 
models included the research of general principles 
of the vibration exiting in internals and in the fuel 
assemblies under a broad range of hydrodynamic 
loading as well the substantiation of the vibration 
strength of a specified reactor. 

Designing of the said models was carried out us-
ing simulation criteria of the hydroelastic systems 
that enabled simulation of main hydro-dynamical 
effects as well representation of practically all spe-
cial features of the equipment construction.  

An important task of the vibration studies of 
large- and full scale models was the investigation 
of vibration states of internals and the fuel assem-
blies under non-design-basis conditions of their 
fixation which are likely to be in the reality. 

In particular, the programme of vibration studies 
of full scale models of WWER-100 reactor fuel as-
semblies, being put into circulation loop, (Figure 2) 
included defining the vibration loading of the fuel 
assemblies under following non-design-basis op-
eration modes [4]: 
• Loosening of the tightening of the assembly 

supporting structure  up to a slackening forma-
tion; 

• Partial and full blockage of flow  in the central 
and peripheral assemblies; 

• Loosening of the assemblies pressing-down 
from the protection tube bank and the reactor 
vessel head side; 

• Forming of rigid circuit with simulation of the 
loss of pressurizer steam bubble. 

The accumulated data bank was been subse-
quently used for development of methodologies 
and algorithms of early detection of internals and 
the fuel assemblies non-design-basis states by the 
vibration monitoring system (VMS) WWER-1000. 

More complicated is the issue of the equipment 
vibration strength substantiation on the basis of 
results of vibration studies of its scale models (in-
cluding full scale ones). 

It is known [5,6] that the vibration frequencies 
and intensity of internals and the fuel assemblies 
vibrations are determined, mainly, by acoustic cool-
ant waves (the wave frequencies are defined, first of 
all, by geometry of the reactor flow section) as well 
by pressure pulsation caused by recirculation 
pumps operation (the pulsation frequencies are a 
function of rotational characteristics of the pumps). 
Only when all these requirements are complied with 
the results of the model studies can be directly ex-
tended to the real construction with regard to its vi-
bration strength. In order to meet these require-
ments it is necessary to use during the bench-
investigations a circulation loop of 1:1 scale with the 
real main circulation pump that is of no practical in-
terest. So, even at 7-assembly facility, featuring the 
coolant flow modes, the full-scale models were stud-
ied at somewhat different conditions that are those 
of the real WWER-1000 reactor facility.  

For that reason for the fuel assemblies vibration 
strength substantiation a methodology have been 
developed [4] that envisaged the use at the bench 
a generator of pressure oscillation for creating the 
pressure pulsation of the real frequency. Actual 
frequencies were by that time determined in the 
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course of investigation of a pilot 
WWER reactor facility.  

During years when above 
said tests were performed the 
limited applicability of this 
methodology was discussed 
quite casually as the necessity 
of the real data use as early as 
at the design phase deemed 
not logical and harmful for po-
tentiality and rationality of the 
bench based studies.  

However, now it is obvious 
that such a “non-completeness” 
of the model simulation studies 
is an additional demonstration of 
the fact that vibration studies 
should be conducted at all 
stages of a reactor facility life 
circle and the research methods, 
phases and tasks should com-
plement each other (Figure 1). 

 
 

3. Vibration Studies at 
the Stage of Power 
Units Commissioning 

At the initial stage of operation of 
NPPs with WWER reactors the 
real conditions studies were 
conducted selectively and, as a 
rule, as a response to the 
equipment damage at hand due 
to the vibration and wear. But by 
the time of commissioning of the 
pilot WWER-1000 reactor facili-
ties there was established a cer-
tain methodology of application 
of the real conditions vibration 
monitoring [2]: 
1. Each reactor of the type to be 

commissioned goes through 
the period of start-and-
adjustment measurements of 
the parameters of internals and FA vibrations 
(Figure 3). 

2. Measurements of internals vibrations of the first 
reactor of a given type are carried out on basis 
of an extended programme in order to check 
and confirm the design characteristics, includ-
ing the assessment of vibration strength of in-
ternals during entire service life.  

3. At the rest of the WWER-1000 reactor facilities 
being commissioned there are carried out the 
limited measurements of the parameters of the 
reactor pressure vessel internals vibration. 
Main goal of these measurements is an ex-
perimental confirmation that the actual condi-
tions of manufacturing, installation and adjust-

ment of a given reactor facility meet the re-
quirements of the design and of regulations to 
the strength ensuring.   

Thus, with reference to the reactor facilities of 
WWER-1000 type the system of start-and-
adjustment measurements of vibration grows to be 
means of early diagnostics allowing determining by 
set of vibration signals the technical conditions of 
equipment and its operational capability. 

In connection with the programme of modernisa-
tion of the fuel for WWER the fuel assemblies vibra-
tion measurements during commissioning of recent 
WWER-1000 have been for some period carried out 
with using a diagnostic mock-up of the fuel assem-
bly [7]. Now the set of devices for the start-and-
adjustment measurements includes also external 
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sensor of vibration that are installed on the reactor 
head and being a kind of “bridge” for establishing 
cross correlation between sensors of the start-and-
adjustment measurements system and regular sen-
sors for the facility’s in-service monitoring.  

An obvious advantage of the real conditions 
start-and-adjustment vibration measurements is 
ability to get the representative data on sources, 
nature and intensity of internals and FA vibrations, 
as well the representative data for assessment of 
equipment residual service life span.  

So obvious drawback of the said approach is 
the fact that after “hot’ tests all sensors have do be 
removed and at the commercial stage of operation 
internals and FA are functioning without any moni-
toring in terms of their vibration loading. It could 
have been acceptable if a guarantee had existed 
that during commercial operation no new factors 
were introduced that would change the vibration 
conditions of internals and the fuel assemblies. 

Meanwhile, the WWER operating experience as 
well that of western PWR demonstrate that conven-
tional actions being undertaken during the reactor 
outages (replacement of  extractable units of the 

main circulation pump and components of vault 
mounting with expired service life etc.) considerably 
alter the reactor vibration loading characteristics. 
Evidently that the gradual wear and tear of attach-
ment fittings of  RPVI in the course of continuous 
operation do alter the vibration loading and can ren-
der non-representative the vibration strength estima-
tion, having been made earlier.   

Hence, before the beginning of use at Russian 
WWER of the system of the in-service vibration 
monitoring of internals and FA their actual vibration 
loadings remained to be “unsolved problem” in the 
general system of organisational-technical meas-
ures intended for maintaining the safety at the level 
prescribed by the design. 

 
 

4. In-Service Monitoring of Vibration 
Loading of the Reactor Pressure 
Vessel Internals and the Fuel 
Assemblies 

In-service monitoring of  internals and the fuel as-
semblies vibration loading by using the vibration 

noise diagnostics system 
started to be implemented at 
Russian WWER from the nine-
ties (XX century) on.  

At first there were employed 
imported programme-technical 
complexes. Recently the na-
tional systems were developed 
and started to be used [8].  

Typical layout of sensors of 
the vibration diagnostics sys-
tem is presented in Figure 4. 
The system includes as the 
native special sensors as well 
as the regular external and in-
core sensors of the neutron flux 
monitoring. 

The vibration noise diagnos-
tics system should be used, for 
performing its functions, at the 
period of reactor commission-
ing, the design service life as 
well at the period of an ex-
tended service life.   

The main tasks of the sys-
tem of the vibration noise diag-
nostics of reactors being com-
missioned are: 
• Determination of sources, 

nature and intensity of the 
equipment vibration in the 
coolant stream for compari-
son with the pilot reactors 
data as well with technical 
requirements and limitations 
defined by the design; 

 
Figure 4 
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• Formation of data base of equipment vibration 
parameters at the power unit initial state the 
acceptability of which has been confirmed by 
start-and-adjustment tests, inspections and 
scaling of the equipment during the acceptance 
tests and the pre-operational inspections; 

• Establishing cross correlation between the 
regular sensors of the facility’s in-service moni-
toring and sensors of the start-and-adjustment 
measurements system; 

• Substantiating of the conclusion on possibility 
of the equipment commercial operation in terms 
of vibration loading. 

The main tasks of the system of the vibration noise 
diagnostics at the stage of operation during the 
design service life period of reactor: 
• Confirming the invariability of vibration charac-

teristics of spectral images of internals vibra-
tions, thus proving that their operation goes on 
within the design conditions; 

• Early detection of abnormal vibration states 
related to the wear of supporting structures of 
internals and to the long-term their operation.  

New tasks arise during utilisation of the vibration 
noise diagnostics system in reactors nearing the 
end of the design service life or in reactors oper-
ated during extended service life period.  
1. Results of application of the vibration noise di-

agnostics system are taken into account during 
comprehensive inspection of power units at the 
end of the design service life. The outcome of 
this inspection is the decision on possibility of 

an extension of power unit operation life, as 
well terms and conditions of the extension.  

2. At the stage of the extended service life the 
monitoring of vibration state of internals is to be 
intensified.  

Capabilities of the vibration noise diagnostics sys-
tem can be demonstrated by the example of em-
ployment of these systems at power units 1 and 2 
of Kola NPP (with WWER-440 reactors). 

Using in the vibration noise diagnostics system 
the sensors of diverse types allows to monitor as 
conditions of the fuel assemblies vibration loading 
caused by the coolant stream as well as parame-
ters of dynamic response of the assemblies. 

The standard method of monitoring of the fuel 
assemblies loading caused by the coolant stream 
is the measurement and monitoring of invariability 
of the level and frequency spectrum of pressure 
pulsation (Figure 5). Most important feature of the 
vibration noise diagnostics system (supported by 
corresponding methodologies and algorithms) is 
also a assessment, by a noise method, of channel-
by-channel flow rates in fuel assembly channels 
being equipped with standard of neutron flux 
channels [9,10]. Acceptance of the monitoring re-
sults is facilitated by the fact that there exist the 
design requirements to loading parameters (levels 
of pressure pulsation, channel-by-channel coolant 
flow rates).  

The level and frequency spectrum of the fuel 
assemblies vibrations are not yet normalised. In 
the circumstances the tolerability of a fuel assem-
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bly vibration state is defined by the invariability of 
the assembly vibration frequency spectrum, by 
results of bench tests of the assembly vibration 
loading, as well by comparing the results of vibra-
tion monitoring of the given reactor with reactors of 
the same type (Figure 6). Effectiveness of this 
methodology has been confirmed in several in-
stances by detection of higher level vibrations in 

reactors of the same type.  
The most challenging task of the vibration noise 

diagnostics system is the monitoring of stability of 
internals and the fuel assemblies fixing in the course 
of operation. International experience of NPP opera-
tion demonstrates that one of the main mechanisms 
of internals damages is the wear of supporting struc-
tures in course of long-term operation.  
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Even the first joint meas-
urements of internals and the 
fuel assemblies vibrations car-
ried out in WWER-440 reactors 
have demonstrated that the 
assemblies vibrations are de-
termined also by frequencies 
and intensity of the reactor core 
barrel oscillation. In this case 
the wear of internals and higher 
level of the core barrel vibration 
will immediately affect the vi-
bration loading of the assem-
blies. 

In connection with the task 
of defining the conditions of 
supporting structures the spe-
cial importance is to be given to 
the mathematical vibration 
models needed to sustain func-
tioning of the vibration noise 
diagnostics system. Just the 
calculations by these models 
allow to determine and forecast 
the technical state of the sup-
porting structures by conduct-
ing the series of calculations of 
vibration characteristics for all 
possible range of equipment 
fixings and then to define (by 
comparing with typical frequen-
cies having been measured by 
the vibration noise diagnostics 
system) the recent state of 
supporting structures and the dynamics of the 
state variations (Figure 7). 

For support of the vibration noise diagnostics 
system functioning at power unit 2 of Kola NPP the 
mathematical vibration model, presented on Figure 
8, was used. 

On base of its application, for example, modes 
of specific oscillations of the core barrel were iden-
tified (at period of introducing of the system – in 
1992, as well close to the end of the design service 
life – in 2003); also was analysed the impact of 
repairs and modernisation of equipment, carried 
out during the said periods) on internals vibration 
conditions. 

In conclusion let us once more to refer to Figure 
1 and to note that application of the vibration noise 
diagnostics system “closes” the set of problems 
relating to vibration analysis at various stages of a 
reactor service life. On the one hand during the 
system application the results of vibration studies 
at the reactor design and commissioning stages 
are taken into account. On he other hand the large 
amount of information on hydro-dynamical loading 
of the fuel assemblies collected by the system can 
be used during the subsequent designing of new 
equipment. At present time the need for the said 

information is quite urgent due to the modernisa-
tion of the nuclear fuel being in Russia continu-
ously under way in order to increase the fuel effec-
tiveness and to enhance the operational safety of 
nuclear power units equipped with the WWER re-
actors. 
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