
 
 
 
 
 
 
 
 
 
 
MIKKO MERIKOSKI 
PIPE VIBRATIONS IN NUCLEAR POWER PLANTS 
 
Master of Science Thesis 
 
 
 
 
 
 

Examiner: Sami Pajunen   
  





ii 
TIIVISTELMÄ 
MIKKO MERIKOSKI: Putkistovärähtelyt ydinvoimaloissa Tampereen teknillinen yliopisto Diplomityö, 102 sivua Elokuu 2017 Konetekniikan maisteriohjelma Pääaine: Sovellettu mekaniikka ja lämpötekniikka Tarkastaja: Sami Pajunen  Avainsanat: Putkistovärähtely, ydinvoimala, vaimennus, ongelmanratkaisu 
Putkistovärähtelyt aiheuttavat huomattavia taloudellisia menetyksiä ja turvallisuusriskejä ydinvoimaloissa. Nopea ongelmien havaitseminen ja niihin reagointi pienentää vahinko-jen riskiä ja lyhentää käyttökatkoja. Jotta nopeampi ongelmanratkaisu olisi mahdollista, diplomityössä käsitellään laajasti putkistovärähtelyjen syitä ja niiden tunnistuskeinoja. Työ tehtiin kirjallisuuskatsauksena, mutta myös asiantuntijoiden haastatteluja hyödynnet-tiin työssä. 
Putkistovärähtelyistä on julkaistu monia käsikirjoja, mutta käsikirjojen ymmärtäminen vaatii koulutusta mekaniikan alalla. Tämän vuoksi työssä kehitettiin putkistovärähtelyjen tunnistamistyökalu, jonka käyttämiseen ei tarvita kokemusta alalla. Työkalua tukemaan työhön kerättiin laajasti tietoa putkistovärähtelyistä ja niiden vaimentamisesta. 
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Matriisityökalun täyttämiseksi käyttäjän tarvitsee ainoastaan merkitä havaitut poik-keamat järjestelmässä, jonka jälkeen käyttäjä ohjataan tekemään tarkempia mittauksia. Mittauksista saatujen havaintojen perusteella voidaan päätellä ilmiö, joka on aiheuttanut värähtelyongelman. Koko ongelmanratkaisuprosessi ja sen vaiheet on kuvattu työssä si-ten, että matriisityökalun käyttäjä saa tarvittaessa lisätietoa jokaisessa vaiheessa. 
Myös värähtelyongelmia aiheuttavat ilmiöt, niiden tunnusmerkit ja vaimennuskeinot kä-sitellään työssä kattavasti. Jotta mittaustuloksien perusteella pystytään päättelemään vä-rähtelyä aiheuttava ilmiö, tulosten tulkinta on selitetty työssä. Koska putkistojen värähte-lyä on mahdoton täysin estää, standardien ja artikkelien ohjearvoja sallitulle värähtelylle on kerätty työhön. 
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1. INTRODUCTION 
Vibration problems cause significant production and economic losses in nuclear power 
plants (NPP). In the end of 2009, high-pressure turbine valves of Forsmark 2 were mod-
ified in order to increase the power output of the plant. The modified valves caused severe 
vibrations and roughly half of the planned energy production in 2010 was lost due to 
vibration problems related to the valve modification. Fig. 1 shows how radical the pro-
duction drop was in 2010 in comparison with the other years. (IAEA 2010, p. 951; 2011, 
p. 561) 

 
Fig. 1. Energy production of Forsmark 2, years 1996-2015, according to IAEA (2016, p. 992). 

To reduce the time needed for solving pipe vibration problems, this thesis was constructed 
as a handbook of pipe vibrations. In addition to the handbook, the objective of this thesis 
was to provide an easy and quick to use matrix tool, which guides the user through the 
process and reveals quickly, which phenomena can cause the vibration problem. The idea 
of the tool is that the power plant operators can manage as far as possible without the help 
of vibration experts and when the vibration experts are needed, the operators can already 
provide great amount of valuable information. 
A previous report in the field focused on what had been done in the previous vibration 
problems in Nordic NPPs, so that it would be possible to mitigate the present problem 
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with the methods used in the previous cases. However, before the vibration problem can 
be effectively mitigated, the problem causing the phenomenon should be recognized. Ad-
ditionally in the previous approach, the reader had to read through old reports to obtain 
more precise information about the case and mitigation method, which requires lots of 
time and access to the specific reports. 
In the beginning of the thesis, theory of pipe vibrations is discussed. Effects of the stiff-
ness, mass and damping on the system response are shown. As vibrations need an exciting 
disturbance to occur, different mechanisms and types of the forced vibrations are ex-
plained. Some equations are given also outside the theory part, if the equations can be 
used generally and calculated with a pocket calculator. These equations can be used for 
example in dimensioning of mitigation methods or evaluating the possibility of the phe-
nomenon. In addition, they can be used in quick evaluation of simulation results. 
To simplify the whole process of solving pipe vibration problems, a matrix tool is devel-
oped. In this thesis, solving a vibration problem is divided to four phases: Detection, In-
vestigation, Analysis and Mitigation. Detection and Investigation phases are executed 
without help of vibration experts. Therefore, the focus of this thesis is mostly in these two 
phases, as in many cases, complex analyses are not needed to solve the vibration problem. 
Some of the vibration causing phenomena are so complex that only some guidance for 
solving them can be given within the scope of this thesis. Therefore, the Analysis section 
focuses on explaining what can be done with which analysis method. In Mitigation sec-
tion, all mitigation methods for different phenomena are gathered and explained.  
To recognize a phenomenon in the system based on the Investigation, the characteristics 
of the different phenomena should be known. These characteristics are discussed in detail 
in Chapter 4. The chapter focuses especially on the phenomena which can be comprehen-
sively explained in a few pages and analyzed with simple equations. 
As vibration measurements are always needed to obtain precise information about the 
vibrating system, they are discussed in a separate chapter. The form of the response signal 
in time domain and frequency spectrum reveals a lot about the phenomenon, as different 
phenomena produce different kind of vibration. 
To evaluate the existing vibration levels, different allowable vibration limits are gathered 
in Chapter 6. They can be used to assess whether existing vibration needs to be mitigated 
or not. In the end of the thesis, newest technologies regarding pipe vibrations are intro-
duced. Most of these technologies are already known, but not widely used in any industry 
sector. The chapter about future work contains suggestions, how to continue and what to 
improve in this thesis. Conclusions are shown in the end of the thesis. 
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2. THEORY OF PIPE VIBRATIONS 
In nuclear power plants, pipe vibrations are created by mechanical motion of the ma-
chines, fluid flow in the pipes and special occurrences such as earthquakes. The cyclic 
motion of the machines causes vibrations in the machine itself, but also excites the piping 
in the plant. In flow-induced vibrations, fluctuations of the flow excite the pipe to vibrate. 
Vibrations in industry can be undesirable, negligible or even desirable, but in nuclear 
power plant piping, they are undesirable. Pipe vibrations cause noise, material fatigue, 
component breakages and unplanned maintenance breaks. Vibrations of mechanical sys-
tems can be divided to two groups: natural vibrations and forced vibrations. 
Natural vibrations occur when the system is deflected from its equilibrium position and 
released to move freely. System returns to its equilibrium position, but with some velocity 
and continues past the equilibrium position. This repeating motion is called natural vibra-
tion and the system is vibrating at its natural frequencies. Returning forces can be elastic 
forces as in the simply supported beam in Fig. 2 or gravity as in the pendulum in Fig. 2. 

 
Fig. 2. A beam and a pendulum deflected from their equilibrium position. 

If a system was undamped thus, the inner and outer friction forces were neglected, the 
natural vibration would continue to vibrate infinitely. However, in actual systems there is 
always damping, which dissipates the mechanical energy and transforms it to heat, noise 
and other forms of energy. 
Natural vibrations are excited by any kind of non-harmonic changes in the acting forces 
but decayed quickly due to damping. In piping, natural vibrations are excited by strong 
and rapid transient excitations such as water hammers or pump starts. 
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In forced vibrations, the system is affected by a time-varying disturbance and the system 
responses to this excitation with a periodical movement. This is called forced vibration, 
as the exciting disturbance forces the system to vibrate at the excitation frequency. If 
excitation occurs at the natural frequency of the system, vibrations are strongly amplified 
due to resonance. 
Both natural and forced vibrations can be structural, where a solid component vibrates or 
acoustic, where the fluid inside the solid component is vibrating. Acoustic vibrations are 
significant in piping as the fluid volumes in the pipes are large and therefore the forces 
created by acoustic vibrations can be high. 
In comparison with beams, pipes have normal lateral and torsional vibrations, but also 
pipe wall vibrations are common. In pipe wall vibrations, the walls of the pipe are vibrat-
ing locally instead of the whole pipe. The two lowest pipe wall modes are shown in Fig. 
3. 

 
Fig. 3. The two lowest pipe wall natural modes. 

The fluid in the pipe changes the properties of the pipe. The fluid increases the mass of 
the system and therefore decreases the natural frequencies of the pipe. In addition, in-
crease of the flow rate decreases the natural frequencies, but neither Vasilyev & Fromzel 
(2003) nor Qing et al. (2006) have noticed significant effect in their studies. 
In order to avoid undesired vibrations, the system needs to be analyzed thoroughly. To 
analyze the vibrating system, its structural and acoustic natural frequencies, damping, 
excitations and response to the excitation must be investigated. 
2.1 Undamped systems 
In undamped systems, only inertia and elastic forces are taken into account. As damping 
affects the vibration properties of the system, analyzing undamped systems is simpler and 
requires less computational time. Damping values are also often low and therefore results 
of undamped simulations are accurate enough for many purposes. 
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Table 2. Structural damping values (according to Newmark & Hall 1969). 

 
German standard VDI 3842 (p. 36) gives recommendations for percentage of critical 
damping to be used in piping simulations. Damping ratio of 2 % should be used for nor-
mal operation and 4 % for faults. The standard assumes that the stress level in the piping 
is higher in faults and therefore higher damping ratio can be used. 
2.2.3 Damping of acoustic waves 
Acoustic waves are damped due to losses in the fluid and losses at the boundaries of the 
fluid. In piping, damping of acoustic waves is caused mostly by flow friction at pipe walls. 
(Kinsler et al. 1982, p. 141) Prediction of damping is difficult and especially when the 
flow is turbulent and the frequencies are above 150 Hz, there is no model to predict damp-
ing accurately (Chatoorgoon & Li 2009). However, Mokhtari & Chatoorgoon (2016) 
have found in their experiment that computational fluid dynamics yields to reliable re-
sults. Typically damping of acoustic waves in piping is low and the waves can propagate 
long distances without significant attenuation (Takahashi et al. 2016). 
2.3 Forced vibrations 
In forced vibrations, dynamic excitations cause the system to vibrate. The excitation can 
occur at the structural or acoustic natural frequencies of the system and induce reso-
nances. The excitation can be a direct force acting to the system, a force created inside 
the system or motion of the foundation of the system. Depending on the frequency and 
excitation mechanism, the response of the system varies a lot.  

Stress level Type of structure
Percentage of critical 

damping

Piping 0,5

Steel 0,5-1,0

Concrete 0,5-1,0
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Excitations can be steady state or transient. Steady state excitations repeat specific se-
quence constantly, whereas in transient excitation, there is no cyclic sequence as the ex-
citation varies over time. If the excitation is steady state, also the system has a cyclic 
sequence, whereas with transient excitation the system response is also transient. 
2.3.1 Resonances 
Resonance is a phenomenon, where the excitation frequency coincides with the natural 
frequency of the system, which increases the vibration amplitudes. As piping has struc-
tural and acoustic natural frequencies, also the resonances can be structural or acoustic. 
In structural resonance, the excitation is a dynamic force, moment or displacement coin-
ciding with the structural natural frequency of the system. In acoustic resonance, the ex-
citation is a pulsating flow coinciding with the acoustic natural frequency of the system. 
Regardless of the type of the resonance, the effect is equal: the resulting amplitude is 
significantly higher than the amplitude of the excitation. 

 
Fig. 8. Damped oscillator in resonance and out of resonance. 

Fig. 8 shows the response of a damped oscillator with equal excitation amplitude but 
different forcing frequency starting from the equilibrium position. It can be seen that the 
displacement is five times greater in the case of resonance even though the acting force 
is equal. In the out of resonance curve there is slight variation in the curve due to natural 
vibrations, which are excited by the force, but quickly damped out. 
If considering a spring-mass system in resonance, the spring stores the energy from the 
last cycle and releases it back at the next cycle. The stored energy is added at every cycle 
to the kinetic energy and therefore the amplitude increases. If the system is undamped, 
the amplitude increases without limit, but in a damped system, the amplitude has its sat-
uration point as in Fig. 8. 
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2.3.3 Steady state excitations 
Steady state excitations are harmonically varying disturbances affecting the system. They 
have stable frequencies and amplitudes and therefore also the system response has stable 
vibration frequencies and amplitudes. The response of the system depends on the relation 
between the exciting frequency and the natural frequencies of the system. 
Fig. 15 shows examples of different steady state excitations, which both of consist of sine 
waves. The orange curve has one frequency, whereas the blue curve contains two differ-
ent frequencies. It can be seen from the figure that even though the amplitude of the blue 
curve varies, the cycle repeats every 6 seconds, which means that also the response of the 
system has a 6-second cycle. 

 
Fig. 15. Two steady state excitations: the orange is pure sine wave and the blue is two summed sine waves. 

2.3.4 Transient excitations 
Transient excitations are disturbances, which do not have stable frequency or amplitude. 
Transients can be accelerating harmonic excitations, impulses or random excitations. In 
transient problems, high level vibrations are usually only a few cycles, but if the energy 
level is high enough, the system may be damaged or malfunction temporarily. 
2.3.4.1 Accelerating excitation 
Accelerating machines create excitation with increasing frequency. As the frequency in-
creases from zero to the operating frequency, structural resonances can occur in between. 
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3. SYSTEMATIC PIPE VIBRATION PROBLEM SOLVING 
In this thesis, solving a vibration problem is divided to four phases: Detection, Investiga-
tion, Analysis and Mitigation. This workflow is shown in Fig. 20. 

 
Fig. 20. Workflow for solving pipe vibration problems. 

Nuclear power plants are continuously monitored for possible vibration problems to en-
sure safe operation of the plant. Continuous monitoring provides the means to detect 
anomalies in the system. Monitoring is done with scheduled inspections, measurements, 
walkdowns and control room monitoring. 
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Pipe vibration solving process begins when an anomaly in the system is detected with 
continuous monitoring. If the anomaly needs actions beyond normal practices, it needs to 
be investigated. Investigation phase focuses on defining the problem and recognizing the 
phenomenon, which causes the anomaly. With preliminary measurements performed by 
the power plant personnel, the properties of the vibration problem can be defined and the 
phenomenon behind the anomaly can be recognized. However, it is still unclear at this 
point why the phenomenon occurs. 
In Analysis phase, the focus is on finding the root cause and solution for the vibration 
problem. Root cause for the vibration problem is the error in the design causing the vi-
bration problem. Use of external consultants is common, as the Analysis phase can be 
very time consuming. After the root cause and solution for the vibration problem is found, 
the solution is implemented in Mitigation phase. As mitigation can have adverse effects, 
monitoring must continue after the mitigation. 
A matrix tool is developed for Detection, Investigation, Analysis and Mitigation phases 
for systematic approach to pipe vibration problems. Investigation phase is divided to three 
different matrices, as the focus of the thesis is in Investigation. Overview of the matrices 
is shown in Fig. 21. 

 
Fig. 21. Matrices of the matrix tool. 

The matrices consist of upper rows, where different actions of the current phase are gath-
ered. At the leftmost column, the phenomena behind anomalies are listed. The matrix 
contains also the sections in the thesis, where more information about phase actions and 
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Pictures, videos and recordings can be taken to be able to assess the damages, vibration 
or noise afterwards. For example, the frequency of the noise is much easier to determine, 
if it can be compared with a known frequency reference. 
3.1.2.1 Narrowband noise 
Narrowband noise has stable and recognizable frequency and it reveals that there is a 
clear spike in the frequency spectrum. Therefore, it is highly probable that narrowband 
vibration phenomenon and resonance is present in the system. The noise can be almost 
sinusoidal and therefore vibrations can be easily recognized as narrowband vibrations. 
Tone generators in the Internet can be used to determine the frequency of the noise. 
3.1.2.2 Broadband noise 
In broadband noise, no clear frequency of the noise can be recognized. It is a clear indi-
cator of phenomenon creating continuous broadband excitation. Everyday examples of 
broadband noise are rain and car tire noise. Even though broadband noise does not have 
a recognizable frequency, the frequency range can be still estimated. Noise generators in 
the Internet can be used to provide a reference for different frequency range noises. 
3.1.2.3 Steady noise 
If the noise cannot be determined as narrowband or broadband, it can be marked as steady 
noise. Steady noise indicates that the excitation is continuous and not caused by rapid 
transients or short-term resonances. 
3.1.2.4 Impact / Short-term noise 
Impact or short-term noises are short sounds to be separated from the narrowband, broad-
band and steady noise. Impact noises occur due to rapid transients such as water hammers. 
In startups and shutdowns, the excitation frequency runs through the resonance frequen-
cies and therefore, short-term noise due to resonance is possible. 
3.1.2.5 Low frequency noise (<100 Hz) 
Low frequency noise indicates that large component is vibrating. It can be either large-
bore piping or other relatively large component having low natural frequencies. It should 
be noted that frequencies below 20 Hz are out of the human ear frequency range. 
3.1.2.6 High frequency noise (>100 Hz) 
High frequency noise can indicate acoustic resonance, pipe wall vibrations or structural 
resonance of clamp or other relatively small and stiff component. The limit frequency 
sine wave (100 Hz) can be stored as an audio file to ease the comparison of the current 
vibration. 
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3.1.2.7 Pipe crack 
A pipe crack with characteristic fatigue marks on the pipe is an obvious sign that a vibra-
tion problem exists. The direction of the pipe crack can tell the type of the vibration mode, 
which has caused the pipe crack. If the crack is circumferential, bending mode is the most 
probable cause for the crack. In 45° spiral cracks, torsional mode is more likely the cause. 
If there is a longitudinal crack in the pipe, it can be a result of a pipe wall resonance. 
(Wachel & Smith, 1991) 
3.1.2.8 Leakage 
Leakage in the piping implies that there is a pipe crack in the system. Leakages are easier 
to detect than pipe cracks, but the consequences can be more critical. 
3.1.2.9 Support damage 
Damage of the pipe supports is a serious problem even though the piping itself would be 
intact. High-level turbulence excites often the lateral and axial modes of the piping and 
causes support damages. (Wachel & Smith, 1991; Asea-Atom 1987; ABB Atom 1997) 
Support damages are also possible, if local resonance occurs in the support. In this case, 
the vibration frequencies are high, since the supports are often fairly rigid and the natural 
frequencies are therefore high. If no other harm is caused due to the specific excitation 
frequency, changing the natural frequency of the support is the easiest solution.  
3.1.2.10 Component failure 
Component failure is a defect in valve, pump or other device in the piping. Component 
failure can occur due to pressure surge of rapid transients, local resonance in the compo-
nent or strong excitation forces in the component.  
3.1.2.11 Component wear 
Component wear is excess wear in valve, pump or other device in the piping. Fretting is 
typical cause of wear in vibrating components. In fretting, two surfaces close to each other 
are in continuous contact due to relative motion, which gradually wears the both surfaces. 
In addition, cavitation can cause surface wear in valves and pumps. 
3.1.2.12 Excessive vibration 
Excessive vibration is noticeable vibration that seems to be too high for longer operation. 
Limits for excessive vibration are discussed separately in Chapter 6. 













37 
3.2.2 Measurements 
If the phenomenon behind the anomaly cannot be solved with the pre-checks, measure-
ments are needed. Measurements are performed to obtain exact frequencies and ampli-
tudes from the system. In addition, measurements are needed if tests are performed. Be-
fore the measurements can be performed, a rough approximation should be done by hu-
man senses, which object to measure and which are the measured frequencies.  
Velocity transducers and accelerometers are single DOF oscillators with foundation-in-
duced excitation and therefore they have also resonant frequency. If the measured object 
excites the resonant frequency of the measurement device, the signal can be inconsistent. 
Signal conditioning and analyzing is important part of the measurements, as measurement 
signal itself is often difficult to interpret. Conditioning and analyzing can be done with 
computer software, but also with handheld devices, such as CSI 2140. 
3.2.2.1 Strain gauges 
Strain gauges can be used to measure the present stresses in the pipe. In condition moni-
toring, strain gauges can be mounted in the most probable locations of crack nucleation, 
so that the crack propagation can be noticed even before the crack is visible to human 
eye. 
3.2.2.2 Displacement transducers 
Displacement transducer measures the displacement relative to the fixed reference. They 
need a solid base for mounting, which make them more difficult to use in comparison 
with velocity transducers and accelerometers. Displacement transducers can be used to 
measure frequencies 0-30 Hz. Differentiation of displacement signal to velocity or accel-
eration is not recommended, as it amplifies measurement noise (Morris & Langari 2012, 
p. 518). 
3.2.2.3 Velocity transducers 
Two types of velocity transducers are used in vibration measurements. In linear velocity 
transducers, the relative motion of coil and spring-mounted magnet creates voltage out-
put, which can be interpreted as velocity. Piezoelectric velocity transducers are actually 
accelerometers, of which acceleration output is integrated internally to velocity output. 
Resonant frequency of linear velocity transducers is below 20 Hz and the frequency range 
is typically 10-2000 Hz. As linear velocity transducers are not very sensitive to high fre-
quency vibrations at 5 kHz or higher, they can be used if high frequency vibrations cause 
problems with accelerometers. 



38 
3.2.2.4 Accelerometers 
Accelerometers can be used in the range of 1-20 000 Hz. Accelerometers have mounted 
resonant frequency typically in the range of 20-50 kHz, if the mounting is very good. 
However, resonant frequency of a magnet mounted accelerometer can be as low as 8 kHz. 
(Brüel & Kjaer 1982) When measuring valves and other objects where very high frequen-
cies are possible, a mechanical filter between the measured object and the accelerometer 
should be used. 
Allowable vibration levels are usually given as vibration velocity. Signal from the accel-
erometer can be integrated to velocity, which allows the comparison. In addition, integra-
tion rather attenuates than amplifies measurement noise (Morris & Langari 2012, p. 518). 
3.2.2.5 Pressure transducers 
Pressure transducers are used to measure static pressure, pressure surges and pulsations 
in the piping. They should be used especially with narrowband flow-induced excitations 
and acoustic resonances. 
3.2.2.6 Flow velocity sensors 
Flow velocity sensors are used to measure the flow rate in the pipe. Flow rate in the pipe 
can be utilized in the calculations of for example vortex shedding induced acoustic or 
structural resonance. 
3.2.2.7 Microphones 
Noise from the piping can be recorded with microphones and the recorded noise can be 
compared with the ambient noise. From the recording, it is possible to analyze the domi-
nant frequencies in the piping. 
3.2.2.8 Hand meter measurements 
Hand meter measurement is a quick way to obtain data from the system, as measurement 
can be done with accelerometer and handheld data acquisition device. The accelerometer 
itself can be mounted with hand or with magnet. However, as the handheld mounting of 
the sensor is not very stable, the measurement results might not be repeatable. A low-pass 
filter should be used at about 1 kHz, as the resonant frequency of the accelerometer in 
handheld mounting can be as low as 2 kHz. Magnet mounting is simple and fast to use 
and resonant frequency can be up to 8 kHz. (Brüel & Kjaer 1982) 
3.2.2.9 Using mounted sensors 
Permanently attached or temporarily mounted sensors can be used to get more precise 
measurement results than with hand meter measurements. Various mounting methods as 
screw mounting, beeswax, glue or magnet can be used depending on the measured object. 
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3.2.3 Tests 
Different operating condition tests can be performed to see how the system responds to 
the changes in the conditions. It can be an easy way to rule out some phenomena, as the 
phenomena have different behavior. In addition, a hammer test is included in the tests. 
All the tests need measurement devices to get results out of the tests, even though some 
conclusions could be done by assessing the noise or vibration with human senses. 
3.2.3.1 Hammer test 
The system is given an excitation with an impact hammer to excite the natural frequencies 
of the system. The response of the system is measured after the impact and the structural 
natural frequencies can be interpreted from the measurement data after Fast Fourier trans-
form (FFT). 
The hardness of the hammer tip should be selected considering the natural frequencies, 
which are being determined. For frequencies below 500 Hz, a plastic or rubber tip can be 
used, but for higher frequencies, a steel tip should be chosen. (Price & Smith 1999) In 
addition, the mass of the hammer should be chosen considering the dimensions of the 
tested structure. Lightest impact hammers weigh roughly 100 grams, as heaviest are up 
to some kilograms. 
3.2.3.2 Machinery rpm test 
Different rotating speeds of the machines can be tried to find out, whether vibration am-
plitude is affected by the rotational speed. If vibration level is high only on specific rota-
tional speed, the root cause for anomaly is likely mechanical machinery excitation com-
bined with structural resonance. However, if the electric motor drives pump, it changes 
simultaneously the flow rate. 
3.2.3.3 Valve position test 
Different valve positions can be tested to see if there is a correlation between the valve 
position, valve opening or valve closing and vibration. Strong vibration can occur for 
instance, if valve leaks when closed as in Yatsusawa electric power plant (Kaneko et al. 
2014, p.255). 
3.2.3.4 Flow rate test 
Flow rate can be changed to find out the correlation between the vibration and the flow 
rate. If vibration level changes as the flow rate changes, the excitation is likely flow-
induced. In vortex shedding induced acoustic resonance, the vibration level can be re-
duced, if the flow rate is increased, but for example in flow turbulence, increase of the 
flow rate always increases the vibration level. 
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3.3.1 Measurements 
In Analysis phase, measurements can be more comprehensive than in the Investigation 
phase. Phase difference, modal shapes and amplitudes can be accurately determined to 
gain additional information from the system. Measurement devices are discussed in Sec-
tion 3.2.2. 
3.3.2 Tests 
Tests in the Analysis phase are large projects, which require a large amount of instrumen-
tation and help of vibration experts to be performed. With tests, it is possible to verify 
experimentally simulation results or suggested mitigation methods.  
3.3.2.1 Scale model tests 
Scale model tests can be performed to verify simulation results or to do flow visualiza-
tions. Producing a scale model is time-consuming project and it is used mainly in large 
mitigation projects. In scale model tests, the flowing conditions can be easily changed, 
but naturally, the whole system cannot be replicated. In addition, the used fluid in the 
tests is water or air instead of steam. 
Scale model tests have been used in 1998 in Ringhals 3 steam generator nozzle tests (Vat-
tenfall 1998), 2007 in Oskarshamn 3 for steam dryer replacement (Vattenfall 2007b) and 
2010 in Oskarshamn 3 for valve seat ring testing (Westinghouse 2010). 
3.3.2.2 Experimental modal analysis 
Experimental modal analysis is similar to a hammer test, but in addition to the natural 
frequencies for example modal shapes can be analyzed. The test can be performed with 
impact hammer but also different excitation frequencies can be used to find out the dy-
namic behavior. This can be done for example with a hydraulic shaker or rotating mass 
shaker. Continuous excitation must be used if damping is high and the amplitude of the 
impact excitation decays quickly. 
3.3.2.3 Operational modal analysis 
Operational modal analysis is a complex process, where the modal shapes and natural 
frequencies are computed without knowing the input signal. Special software as ARTe-
MIS and large amount of sensors are needed to interpret the modal results from the meas-
urement results. Benefits of operational modal analysis are more prominent in large struc-
tures, where traditional experimental modal analysis is challenging (Chauhan 2015). 
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Operational modal analysis requires broadband excitation for good results and it can be 
difficult, if there are strong sinusoidal excitations in the system (Rostedt 2017). If suc-
cessful, operational modal analysis is the most accurate way of determining the modal 
shapes and natural frequencies as they are measured directly from the system without any 
simplifications. 
3.3.3 Simulations 
In simulations, computer models are used to mimic the operation of the system. As there 
is no risk of consequences to the actual system, every possible operating condition can be 
simulated. Testing a large amount of different geometries and operating conditions is 
quick with simulations in comparison with physical testing. However, the problem of the 
simulations is that the accuracy of the results is difficult to define.  
3.3.3.1 Finite element method 
In finite element method (FEM), the analyzed structure is divided to a finite amount of 
elements to be able to approximate the stiffness and mass distribution in the structure. 
FEM can be used to analyze natural frequencies and mode shapes of the piping, pipe 
supports and other components. 
If the exciting forces are known, also amplitudes and stresses can be computed with har-
monic analyses, which allows fatigue predictions. With FEM, it is possible to predict 
effects of structural modifications in advance to ensure the effectivity of the modification. 
3.3.3.2 Computational fluid dynamics 
Computational fluid dynamics (CFD) is widely used to analyze the flow in the pipes and 
piping components. CFD allows versatile visualization of the flow, which would other-
wise require expensive scale model tests. Especially in transient problems, the changes in 
the flow can be rapid or the problem can occur in such location that physical flow visual-
izations cannot even provide the needed information. 
CFD can be used in cooperation with scale model tests so that the computer model is 
verified with the test results. After that in CFD, the actual dimensions, operating condi-
tions and flowing fluid can be used and the results can be compared directly with the 
actual variables in the plant. 
3.3.3.3 Acoustic simulations 
Acoustic analyses can be used to find out the acoustic natural frequencies of the compo-
nents. Acoustic analyses are needed to determine acoustic natural frequencies for com-
plex geometries such as valve cavities. Acoustic natural frequencies of side branches and 
pipes can be calculated with simple equations shown in Table 1 in Section 2.1.2. 













50 
(1988) is interesting especially as it is installed inside the side branch and does not in-
crease the pressure drop in the main pipe. However, the pressure drop in the side branch 
is increased. 

 
Fig. 32. Vortex suppression devices for side branches: Jungowski & Studzinski (1988) (above left), Sommerville & Pappone (2007) (above right) and Schulze et al. (2013) (below). 

Elsayed (2013) investigated the vortex suppression effect of different spoiler geometries 
in axisymmetric cavities. A toothed, curved tooth and delta spoiler was compared with 
sharp, rounded and chamfered leading edge using airflow. Geometries of the spoilers are 
shown in Fig. 33. Every type of spoiler reduced the pulsation significantly, however, the 
pressure drop is increased. The curved tooth and delta spoiler designs almost eliminate 
the pulsation. Lowest pressure drop is achieved with the delta spoiler. In Oskarshamn 3, 
a toothed design was used successfully in gate valve seat ring to disrupt the coherent 
shedding of vortices from the leading edge of the cavity (Westinghouse 2010). 
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Fig. 33. From left to right: toothed, curved tooth and delta spoiler (Elsayed 2013). 

In immersed components, disrupting coherent shedding of vortices can be done with var-
ious devices shown in Fig. 34. These devices do not eliminate vortex shedding, but they 
weaken vortex shedding significantly and increase the critical velocity for lock-in 
(Kaneko et al. 2014, p. 44). 

 
Fig. 34. Vortex suppression devices for cylinders (Price & Smith 1999). 

3.4.1.7 Improved control sequences 
As water hammers and momentum changes occur due to rapid valve closure and opening, 
improved control sequences can be used to mitigate these rapid transients. If the valve is 
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actuated slower, the pressure surge created by water hammer and momentum change will 
be reduced. 
3.4.1.8 Avoiding conditions of condensation-induced water hammer 
Condensation-induced water hammer requires specific conditions to occur. Easiest ways 
to avoid condensation-induced water hammer are to shorten the horizontal pipe segment 
or incline the pipe segment, where the problem occurs. More about condensation-induced 
water hammer can be found from Section 4.1.2.9. 
3.4.1.9 Improved deaeration 
If non-condensable mixed flow causes vibrations due to air slugs in the piping, the deaer-
ation can be improved to mitigate the problem. Improved deaeration reduces the amount 
and size of the air slugs and increases the homogeneity of the fluid. Therefore, the dy-
namic forces created by mixed flow with varying density are decreased. 
3.4.1.10 Reduced gas/liquid interaction 
Mixed flows are difficult to control and reducing the interaction between the phases can 
help to mitigate the problem. If a mixed flow with non-condensable gas is intended, the 
problematic flow patterns can be avoided by changing the velocity of the gas flow or the 
liquid flow. More about the flow patterns can be found from Section 4.1.2.7. 
3.4.1.11 Forbidden machinery rpm 
Forbidden machinery rotational speed can be used as a mitigation method, when reso-
nances are caused at specific rotational speed of the machines. Accelerating the machine 
quickly through the problematic speed range mitigates the problem, if higher rotational 
speed is possible. 
3.4.1.12 Reducing the power level of the plant 
By reducing the power level, the flowrates can be reduced, which changes the flow-in-
duced excitations. However, this can lead to new vibration problems, as nuclear power 
plants are not designed for long-term operation with reduced power level. 
Reducing the power level can be used only as a temporary solution, because power re-
duction means also economical losses. It can be used as a mitigation, if more time is 
needed to solve the vibration problem. Reducing the power level has been used effectively 
as a temporary mitigation for flow turbulence in Ringhals 3 (Vattenfall 1997) and for flow 
through pressure restrictions in Forsmark 2 (Vattenfall 2010). 
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3.4.2 Mitigation for response 
Mitigations for response are modifications in the system in order to change its response 
to the excitation. It can be done by changing the natural frequencies of the system, adding 
damping or isolating the excitation source from the piping. 
3.4.2.1 Added supporting 
Natural frequency of the piping depends on the supporting of the piping. Supporting can 
be added in order to shift the natural frequency of the system away from the excitation 
frequency area. In addition, response to broadband excitations is reduced, if the natural 
frequencies are heightened away from the excitation range. 
3.4.2.2 Added mass 
Natural frequency of the piping depends on the mass of the piping. Mass can be added in 
order to shift the natural frequency of the system away from the excitation frequency area. 
Vibrations due to flow turbulence depend on the ratio of the structural mass to the mass 
of displaced fluid. If the structural mass is increased without lowering the structural nat-
ural frequencies, the vibrations will be reduced. (Blevins 1977, p.189) 
3.4.2.3 Structural change 
Structural change can be used to increase structural stiffness and structural natural fre-
quencies. It can be realized with stiffer pipes, shorter pipes or stronger supports.  By 
changing the length of the pipes, it is also possible to shift the acoustic natural frequencies 
of the pipes. 
Increasing structural stiffness reduces the amplitude of vibration and it can be used as a 
countermeasure for broadband excitations, where structural natural frequencies cannot be 
shifted away from the excitation range. Especially in external axial flow-induced vibra-
tions, increasing structural stiffness is effective mitigation method, if the flow turbulence 
cannot be reduced (Kaneko et al. 2014, p. 138). 
Increasing structural stiffness of valve affects generally positively against valve vibra-
tions (Kaneko et al. 2014, p. 259). Turbulent pressure fluctuations have the greatest en-
ergy levels in the lower frequency range and therefore, higher natural frequencies due to 
improved stiffness reduce vibrations as well (Naudascher & Rockwell 1980, p.312). 
3.4.2.4 Viscous dampers 
Viscous dampers can be added if changing the natural frequency does not mitigate the 
problem or is not an option. Dampers need rigid foundation for mounting or in some 
cases, dampers can be added between components or pipes. Vibration dampers have good 
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3.4.3.2 Reinforcing the system 
The weld or the pipe can be reinforced in order to lower the stress of the pipes and junc-
tions. In United States, equal leg socket welds have been commonly changed to 2:1 leg 
socket welds after pipe joint leakages (NRC 2002, 2013a, 2013b, 2016b). Weld with 2:1 
leg ratio (longer leg along the pipe side) has better resistance for fatigue and it is recom-
mended by American Society of Mechanical Engineers and Electric Power Research In-
stitute (EPRI 2011).   
3.4.4 Mitigation by repair 
A broken component can cause strong excitation and replacing or repairing it solves the 
problem. If vibration problem is clearly caused by a broken component, no system mod-
ification is needed. 
3.4.4.1 Repairing broken component 
Broken component can be repaired with the original spare parts, after which no vibrations 
should exist. If a pump is repaired and overhauled due to excess vibration levels, it should 
be noted that the pulsation amplitudes can be higher than before the breakage, as the 
internal clearances are tighter (Smith 2012). 
3.4.4.2 Replacing broken component 
Replacing a broken component reduces the excess vibration from the component. How-
ever, if a component is replaced with a component deviant from the original, it should be 
noted that the excitation frequencies can change. In this case, the replacement can cause 
a new vibration problem and therefore special care should be taken with replacements. 
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4. PHENOMENA BEHIND ANOMALIES 
Phenomena behind anomalies are the possible reasons for occurred and detected anoma-
lies in the piping. To be able to find the root cause for the vibration problem and solve 
the vibration problem, the occurring phenomenon should be known. To ease this, the 
phenomena are classified and their characteristics are gathered to recognize them in the 
system. In this work, the phenomena are divided to four different classes shown in Table 
3. 

Table 3. Phenomenon classes. 

 
Several different phenomena can be behind a vibration problem. They have different char-
acteristics as they can depend for example on the flow in the pipe or the rotational velocity 
of the machinery close to the pipe. The characteristics of the different phenomena are 
presented in the following to be able to recognize the phenomena when troubleshooting 
a vibration problem. 
4.1 Excitations 
Excitations are the sources of vibration, thus without excitation, no vibration exists either. 
Additionally, if the excitation is eliminated, the recurrence of the vibration problem is 
avoided, even if the flowing conditions or other operational variables are changed. Exci-
tations are typically weak, but with structural or acoustic resonance, the amplitude is mul-
tiplied. However in some cases, excitation can be strong enough to create a vibration 
problem without any resonances.  
Excitations in piping can be mechanical- or flow-induced. Mechanical-induced excita-
tions are mechanical vibration itself, which induce also the piping to vibrate. Flow-in-
duced excitations are pressure pulses in the piping, which create dynamic forces on the 
piping surfaces and hence, induce pipe vibration. 

Phenomenon class Description

Excitations
- Sources of vibration

- Eliminating the excitation eliminates the vibration

Resonances
- Increases the amplitude of the excitation

- Eliminating the resonance only reduces the vibration level

Measurement error - A non-existing vibration problem due to an error in the measurements

Other events
- Events, where the vibration level cannot be reduced or other easier

  solutions exist
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4.1.1 Mechanical-induced excitation 
Mechanical-induced excitations are created by mechanical movement of machines and 
structures. Commonly mechanical-induced excitations are caused by rotating and recip-
rocating components such as electric motors and pumps. In addition, occurrences such as 
earthquakes are counted as mechanical-induced excitations. 

Table 4. Mechanical-induced excitations (Wachel & Smith 1991). 

 
Phenomena of mechanical-induced excitations are gathered in Table 4. The table shows 
the characteristics of the vibration created by the excitation. This information can be used 
to recognize the phenomena in the existing vibration problems. 
In normal operation, the movement of the machines is steady and they create vibration at 
frequencies, which are multiples of the rotational speed. Nevertheless, these frequencies 
change in startups and shutdowns of the plant, as the machines are accelerating and de-
celerating. Structure-borne excitation can be steady state or random depending on the 
source of the excitation. 
4.1.1.1 Mechanical machinery excitation 
Mechanical machinery such as electric motors create vibration at their rotation frequency 
and its multiples. Vibration is caused due to unbalance, misalignment and other normal 
imperfections in these components. In addition, reciprocating machines such as plunger 
pumps and combustion engines create vibration without any imperfection due to the back 
and forth movement. In well-balanced and well-mounted equipment, this vibration is at 
low level and will not cause any harm unless structural resonance occurs. Table 5 shows 
different possible frequencies of mechanical machinery and causes for the vibrations. 

Excitation 
type

Phenomenon
Description of 
the excitation

Frequency 
range

Common frequencies
Frequency 

band
Mechanical 

machinery 

excitation

Steady vibration Low Narrow

Broken 

machinery      
Steady vibration Low to high Narrow

Steady state / 
random

Structure-

borne

Steady / random 

vibration
Low Narrow

Accelerating 
excitation

Startups and 

shutdowns

Short-term 

vibration
Low BroadM
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Steady state
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Table 5. Types of mechanical induced vibrations, according to Piping and pipeline engineering (Antaki 2003, section 8.2). 

 
Mechanical machinery excitation is not possible to eliminate, because some unbalance, 
misalignment or other imperfection exists always in the machinery. If mechanical ma-
chinery excitation causes problems, the easiest mitigation is to detune the resonance by 
shifting the natural frequencies of the system. An option is also changing the rotational 
speed of the electric motor with variable-frequency drive. 
4.1.1.2 Broken component 
A broken component can cause unbalance, loose mounting, excess contact or overheating 
which can lead to much stronger excitation than in normal operation. In this case, the 
excitation can be strong enough to cause problems without structural resonance. Table 5 
can be used also for typical vibration frequencies of a broken component. 
Vibration problem caused by a broken component is mitigated by repairing or replacing 
the component, which reduces the excitation to the normal level. If the component is 
broken due to vibration, the excess vibration should be naturally mitigated. 
4.1.1.3 Structure-borne excitation 
Structure-borne excitations are global vibrations of the building or its structures, where 
the excitation is an external source of vibration, thus not related to the piping. It can be 
for example movement of the building and therefore piping supports, which forces also 
the pipes to vibrate. Possible reasons for structure-borne excitations are earthquakes, large 
machines and motion of masses large enough to affect the building. 
If structure-borne excitation excites the structural natural frequencies of the piping, the 
problem can be mitigated by mitigation methods for response. Otherwise, the system can 
be reinforced or it must be verified that the system can withstand the loads of the excita-
tion. 

Cause Frequency Direction

Equipment out of balance 1x RPM Radial

Shaft axial misalignment 2x RPM Radial

Shaft angular misalignment 1x and 2x RPM Radial and axial

Loose mounting 1x RPM Radial

Cracked support frame 2x RPM Radial

Bearing clearance Multiples of ½ RPM Radial

Misaligned belt 1x RPM Axial

Gear mesh Gear mesh x RPM Radial
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4.1.1.4 Startups and shutdowns 
In startups and shutdowns, the machines are accelerating/decelerating, thus the excita-
tions run through wide range of frequencies. Therefore, a resonance can be problematic 
even though in the normal operation the vibration problem does not exist. Often the oc-
curring resonance is only short-term and the vibration levels remain acceptable. However, 
the acceleration through the resonant frequencies should be quick enough to avoid prob-
lems. 
If startups or shutdowns cause vibration problems, the system can be either reinforced to 
withstand the loads or verified with analysis, measurements or tests that the stress levels 
remain low. If the amplitudes are too high, they can be controlled with vibration dampers. 
4.1.2 Flow-induced vibrations 
Flow-induced vibrations are divided to four different types: steady state vibration, random 
vibration, fluidelastic vibration and rapid transient vibration. Response of the system to 
the continuous vibration types as a function of flow velocity are shown in Fig. 37. Rapid 
flow-induced transients occur due to discrete events and therefore, response to flow ve-
locity relation cannot be shown. 

 
Fig. 37. Types of flow-induced vibrations (Kaneko et al. 2014, p. 9). 

Steady state vibrations require steady pulsation source and acoustic or structural reso-
nance for significant amplitudes. The response is significantly higher at specific flow ve-
locity. However, the resonance disappears, if the flow velocity is increased enough. Nat-
urally, steady state vibrations occur without resonance as well, but the vibration is weaker. 
Random vibration is caused by flow turbulence and other broadband flow-induced exci-
tations. The response increases steadily as the flow velocity increases.  
In fluidelastic vibration, the acting fluid forces are dramatically increased by the vibratory 
motion of the component, which leads to extremely large amplitudes. Fluidelastic vibra-
tion occurs only with components immersed in cross-flow. In nuclear power plants, it can 
occur for example in heat exchanger tube arrays. 
Flow-induced vibrations are created by pulsation in the flow. When a pulsating flow goes 
past an elbow, reducer or other disturbance, it creates a static and dynamic force. Static 
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Table 6. Phenomena of flow-induced vibrations. 

 
Flow pulsation can propagate up- and downstream, thus the vibration problem can occur 
elsewhere than in the location of the pulsation creation (Takahashi et al. 2016). The prop-
agation distance can be up to tens of meters, which makes solving the problem difficult. 
However, the pulse propagation occurs only with steady pulsation sources, which narrows 
the options to vortex shedding induced acoustic resonance and pump flow pulsation. 
Common example of pulse propagation in nuclear power plants is Quad Cities 2 nuclear 
reactor, where vortex shedding induced acoustic resonance in safety relief valves of the 
main steam line caused vibration problems in the steam dryer (Hambric et al. 2006). 
4.1.2.1 Vortex shedding induced acoustic resonance 
In vortex shedding induced acoustic resonance, flow past a cavity creates an unstable 
shear layer, which oscillates at the acoustic natural frequency of the cavity. The cavity 
can be a side branch, valve cavity or other deviant section in the pipe, where the fluid can 
oscillate locally. Cavity causes a sudden change in the shearing force between the flow 
and the pipe, creating the unstable shear layer shown in Fig. 39. 

Fluid 
flow*

Phenomenon
Description of the 

excitation
Frequency 

range
Common frequencies

Frequency 
band

G
Vortex shedding induced 

acoustic resonance

High pressure 

pulsations
Mid to high

Acoustic natural 

frequencies
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Vortex shedding induced 

structural resonance
Steady vibration Mid to high

Structural natural 
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Reciprocating pump flow 

pulsation

High pressure 
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Centrifugal pump flow 

pulsation

Low pressure 

pulsations
Mid to high Narrow
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Flow turbulence
Random pressure 
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G
Flow through pressure 
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Random pressure 

pulsations
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L / M Cavitation and flashing
Random pressure 

pulsations
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M
Non-condensable mixed 

flow

Random pressure 
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L
Water hammer / 
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Transient shock 

loading
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Fig. 39. Unstable shear layer in piping. 

In the shear layer, vortices shed from the leading edge of the cavity, which is illustrated 
in Fig. 40. Double vortex and higher modes are possible, but the pulsation is significantly 
lower than in single vortex mode (Graf & Ziada 2010). However, double and higher 
modes can still cause significant wear in safety relief valves (Galbally et al. 2015). 

 
Fig. 40. Vortex shedding in the flow past side branch, a) single vortex mode and b) double vortex mode. 

Vortex shedding itself creates only weak pulsation in the piping and in fact, it cannot be 
completely avoided. However, if vortex shedding occurs at the acoustic natural frequency 
of the cavity or side branch, the pulsation is strongly amplified (Olson 2006). The equa-
tions for calculating the acoustic natural frequencies of side branches are shown in Table 
1 in Section 2.1.2. 
As acoustic natural frequency depends on the speed of sound in the fluid, the acoustic 
natural frequencies are very high with dense fluids. Therefore, vortex shedding induced 
acoustic resonance is a significant problem mainly in gaseous flows, with which the 
acoustic natural frequencies are low enough to cause problems (Takahashi et al. 2016). 
The frequency of vortex shedding depends on the flow velocity, but it can also shift and 
lock-in to the acoustic natural frequency, if the frequencies are close to each other. Fig. 
41 shows the coupling of the vortex shedding and acoustic resonance. A vortex is created, 
when the flow in the main pipe passes the leading edge of the side branch. A flow pulse 
enters the side branch and the pressure increases in the end of the side branch. High pres-
sure induces a flow pulse, which contributes to the size of the vortex and creates low 
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Table 9 shows the limits for different risk levels of flow-induced turbulence. In the main 
steam lines, the risk of turbulence-induced vibrations is typically high and therefore, spe-
cial attention must be paid in the design of the main steam lines and components in it. 

Table 9. Evaluation of the risk of turbulence-induced vibration (Energy Institute 2008, p.36). 

 
Turbulence-induced vibrations are random and broadband, so they can excite a wide 
range of structural natural frequencies. Turbulence-induced vibrations cause normally ex-
cess vibration at frequencies 0 - 30 Hz (Wachel & Smith 1991). 
According to Wachel & Smith (1991) turbulence-induced vibrations occur only in 
mixed/liquid flow. However, the vibration problems in Oskarshamn 3 main steam lines 
(Le Moigne et al. 2008) and Forsmark 3 main steam lines (Vattenfall 2007a) prove that 
flow turbulence can cause problems also in gaseous flow.  
Computational fluid dynamics is used to analyze flow turbulence. With steady state sim-
ulations, it is possible to see, if strong flow separation or swirl occurs in the flow, which 
can cause turbulence-induced vibrations. However, only transient simulation can ensure, 
if the flow is changing dynamically and inducing vibrations. 
Vibrations caused by flow turbulence can be mitigated with guide vanes, flow straighten-
ers/conditioners and improved fluid dynamic design. Reducing the power level of the 
plant is commonly used as a temporary mitigation method. As turbulent energy is con-
centrated on the low frequency region, increasing the natural frequency of the vibrating 
component reduces vibrations. In addition, if the mass of the component can be increased 
without lowering the natural frequencies, the vibration amplitude can be reduced. 
(Blevins 1977, p. 189) 
4.1.2.5 Flow through pressure restrictions 
Flow through pressure restrictions such as valves and orifices causes turbulent mixing of 
the fluid in the component. This turbulent mixing is caused by flow separation, changes 
in the flowing direction and flow impingement on component surfaces. (Carucci & 
Mueller 1982) The flow turbulence in pressure restrictions occurs typically at frequencies 
500-2000 Hz and due to the high excitation frequency, pipe wall vibrations are possible. 
In some cases, the vibrations can be extremely high and failures can occur in very short 

Kinetic energy of the fluid Risk of turbulence-induced vibration

Low

Medium

High
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time. (Energy Institute 2008, p. 13) It is also possible that acoustic resonance of a nearby 
closed side branch is excited by the broadband excitation (Takahashi et al. 2016). 
In addition to flow turbulence, jet flow-inertia mechanism and vortex shedding induced 
acoustic resonance can occur in pressure restrictions (Naudascher & Rockwell 1980, p. 
305). Jet flow-inertia mechanism is present only in valves when operating with small 
opening. Vortex shedding induced acoustic resonance is discussed in detail in Section 
4.1.2.1. 
Jet flow-inertia mechanism occurs with high flow velocities and small valve openings. If 
fluid forces induce small motion of the valve at nearly closed position, the jet trough the 
opening pulsates and alters the forces on the valve. Therefore, valve configurations with 
large flow generated closing forces should be avoided. If this is not possible, the change 
in the fluid forces should be less sensitive to the valve motion, thus the fluid forces should 
remain stable, even if the valve moves slightly in nearly closed position. (Naudascher & 
Rockwell 1980, p. 305, 311) 
Sound pressure can be used to evaluate vibration levels in flow through pressure re-
strictions (Naudascher & Rockwell 1980, p. 312). Evaluation methods of the vibration 
severity based on the sound pressure level are discussed in Section 6.2. However, transi-
ent CFD analyses are often needed for finding the root cause for the vibration problem in 
flow through pressure restrictions (Lindqvist 2011). 
Vibrations due to flow through pressure restrictions are difficult to solve without rede-
signing the component, as the whole internal geometry affects the flow in the component. 
Therefore, improved fluid dynamic design is the most recommended mitigation method 
to reduce the pressure fluctuations. In addition, sufficient supporting and improved struc-
tural stiffness of the component generally reduce vibrations caused by flow through pres-
sure restrictions (Kaneko et al. 2014, p. 259). 
4.1.2.6 Flashing and cavitation 
Flashing happens when the liquid pressure drops below the saturated vapor pressure and 
some of the liquid vaporizes forming vapor bubbles into the liquid. Cavitation is the op-
posite of flashing, thus the liquid is subjected to a higher pressure again and the vapor 
bubbles collapse. 
Cavitation occurs for example when a liquid flow is choked so that the velocity increases 
and the pressure drops below the vapor pressure creating bubbles in the flow (flashing). 
After the choke, the velocity decreases and the pressure increases back to the level above 
the vapor pressure. The increased pressure breaks the bubbles. 
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4.1.2.7 Non-condensable mixed flows 
Piping conveying liquid and non-condensable gas can vibrate significantly in specific 
flowing conditions. The velocity, viscosity and density of the liquid and gas and the pipe 
diameter strongly affect the flow pattern. If these properties are known, the flow pattern 
can be predicted. (Kaneko et al. 2014, p. 173) 

 
Fig. 49. Flow patterns in vertical piping (Kaneko et al. 2014, p. 171). 

Fig. 49 and Fig. 50 show the different flow patterns in vertical and horizontal piping. 
Plug, slug and froth flows create vibrations as the density of the liquid differs from the 
density of the gas. When liquid passes through an elbow or reducer, fluid forces are much 
higher than with gas due to the density difference. Constant alternation of liquid and gas 
slugs create dynamic excitation forces and induce pipe vibrations. Froth flows are also 
highly turbulent, which increases random pipe vibrations. 
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Fig. 53. Column separation in high point and closed end. 

When the pressure increases back above the vapor pressure, the void collapses creating a 
vacuum and the water column is accelerated towards the other water column or the closed 
end. The collision of the water column with the other or with the closed end creates a 
water hammer and significant rise in pressure. 
Column separation is relatively uncommon phenomenon and requires already significant 
pressure pulse to occur. However, the created pressure pulse is stronger than the original 
and can cause greater loads (Bergant et al. 2006). A surge drum can be used to attenuate 
the negative pressure wave, which causes the column separation. However, avoiding the 
negative pressure wave itself by eliminating the water hammer is a more effective 
method. 
4.2 Resonances 
Resonance is a phenomenon, where the excitation frequency coincides with the structural 
or acoustic natural frequency of the system, which multiplies the amplitude of the excita-
tion. Therefore, even if the excitation is low level, it can cause high-level vibrations in 
resonance. 
4.2.1 Structural resonances 
In structural resonance, the excitation frequency matches the structural natural frequency 
of the system. Structural resonances for piping are most often low frequency (0-50 Hz) 
vibrations as the natural frequencies of large and long pipes are low (Antaki 2003, section 
8.1). Pipe wall vibrations have higher frequencies than pipe bending vibrations, lowest 
being usually at a few hundred Hz (Olson 2006). For smaller and stiffer components as 
valves or pipe clamps, the natural frequencies are typically over 100 Hz. 
Finite element method is used to analyze structural resonances. Effect of the mitigations 
on the structural natural frequencies can be assessed in the FEM simulations. 
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Structural resonances can be mitigated by shifting the structural natural frequency of the 
system by structural change or adding supports or mass to the piping. Adding dampers is 
also an option, if the structural natural frequency cannot be shifted. 
4.2.2 Acoustic resonance 
In acoustic resonance, flow pulsation frequency matches the acoustic natural frequency 
of the system. The pressure pulses are reflected back from the ends of the system and 
amplified in resonance. Acoustic resonances are strongest when at least the other end of 
the resonating pipe is closed, as the solid end reflects the pressure wave without signifi-
cant attenuation. Acoustic natural frequencies and resonances can be analyzed with 
acoustic analyses. 
Acoustic resonances can be mitigated by changing the acoustic natural frequencies of the 
system. It can be done for example with a low-pass filter or added acoustical side branch. 
It should be noted that adding supporting does not mitigate vibrations caused by acoustic 
resonances. Added supporting might help by restricting the vibrational motion, but will 
not lower the acting forces. 
4.3 Measurement error 
Due to an error in the measurements, the measurement system can show very high vibra-
tion amplitudes. Therefore, lots of work can be wasted if a non-existing problem is tried 
to mitigate. A common reason for measurement error is a resonance of the sensor or other 
component used in the measurement. The excitation frequency exists in the system, but 
the measured amplitude is wrong. Resonance of the sensor can spoil the whole measure-
ment signal so that the signal cannot be retrieved by signal processing. 
The resonance of the sensor can be avoided by using a mechanical filter between the 
measured object and the sensor. It is also possible to enhance the mounting of the sensor 
to heighten the mounted resonant frequency. In addition, other type of transducer can be 
used, if the transducer resonance causes problems. 
If the transducer cannot be attached directly to the measured object and an additional 
object is added between the target and the transducer, the natural frequency vibrations of 
the additional object can affect the measurement. 
4.4 Other events 
In other events, the vibration level cannot be reduced or other easier solutions exist. These 
events are caused by the excitations and/or resonances, but reducing the vibration level is 
not necessary to prevent failures in the future. Instead, other actions are recommended. 
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4.4.1 Lack of flexibility 
If a small-bore pipe is joined to a vibrating large diameter pipe, the large pipe applies 
strong forces to the small-bore pipe even though the vibration levels would be allowable. 
For this reason, there should be a bend, bellow or other flexible element between the large 
pipe and small-bore pipe support to avoid high stresses in the small pipe. 
Similar problem occurs also when two components are connected with a straight rigid 
pipe. If the other or even the both components are vibrating, the stress in the connecting 
rigid pipe can increase to a high level. In this case, the straight pipe should be replaced 
with a flexible hose. (NRC 2011) 
4.4.2 Parallel stagnant pump 
Parallel installed pumps cause vibrations to each other. If one of the parallel pumps is not 
running, the vibration load is not distributed evenly to all bearing balls, which leads to 
excess bearing ball wear and finally to bearing failure. If the vibration cannot be isolated 
well enough, the solution is to avoid conditions where one of the parallel pumps is stag-
nant. 
4.4.3 Safety relief valve chattering 
In safety relief valve chattering, the valve opens and closes rapidly due to altering pres-
sure. Valve chattering occurs mainly due to improper dimensioning of the safety relief 
valve and its inlet line (Cremers et al. 2001). Common errors in the dimensioning are 
excessive inlet pressure losses, excessively long inlet lines and oversized relief devices. 
However, simple design guides have been made for dimensioning. (Cremers et al. 2001; 
Smith et al. 2011) Safety relief valve chattering can also be caused by higher modes of 
vortex shedding (Galbally et al. 2015). 
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5. INTERPRETING VIBRATION MEASUREMENTS 
To obtain information from the vibrating system, human senses can be used as first in-
spection. However, to investigate the system more precisely, measurements are needed. 
Vibration measurements can be performed by measuring displacement, velocity or accel-
eration. Strain, pressure and flow rate can be measured as well to obtain additional infor-
mation. 
The result of the vibration measurement is the response of the system in time domain. As 
the measurement can be done with different types of sensors, the response can be dis-
placement, velocity or acceleration. The signal can be integrated or differentiated after-
wards to the desired order. However, integration should be preferred, as differentiation 
amplifies noise in the signal (Morris & Langari 2012, p. 518). 
The form of the response signal reveals whether the vibrations are steady state, random 
or rapid transients. Steady state vibrations occur at relatively constant amplitude and fre-
quency. In random vibrations, the amplitude and the frequency changes constantly, 
whereas rapid transients appear only as short spiking in the response curve. 
Frequency spectrum can be computed from the response of the system with Fast Fourier 
transform (FFT). The frequency spectrum shows the amplitudes of the different frequen-
cies. As higher amplitude usually implies higher stress levels, the problematic frequencies 
can be seen straight from the frequency spectrum. Frequency spectrum also shows 
whether the problematic frequency is narrowband or broadband. 
In the following, recognition of different vibrations is explained with the help of response 
curve and frequency spectrum from actual cases. 
5.1 Steady state vibrations 
As it can be seen from the response curve in Fig. 54, the amplitude remains fairly stable. 
The vibration can be considered as steady state, as there are no significant spikes in the 
curve. However, it is often difficult to determine whether the dominant frequencies are 
narrowband or broadband based on the response in time domain. If the vibration level is 
too high and causes problems, FFT should be performed to ensure vibration type. 
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Fig. 54. Example of steady state vibrations response in time domain. 

In Fig. 55, the narrow spike at 600 Hz indicates that there is a steady state excitation and 
structural or acoustic resonance in the system. In piping with high flow velocities, some 
turbulence-induced random vibration always exists, which can be seen in Fig. 55 as higher 
amplitudes in the range of 0-50 Hz. However, as the level of the random vibration is low 
in comparison with the 600 Hz spike, the vibration problem is likely caused by a steady 
state excitation. 

 
Fig. 55. Example of steady state vibrations frequency spectrum. 
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5.2 Random vibrations 
In random vibrations, the maximum amplitude and the time between the spikes varies 
over time, which can be seen in Fig. 56. Thus, neither the frequency nor the amplitude is 
constant in random vibrations. However, the vibration itself is constant, which distin-
guishes random vibrations from rapid transient vibrations. 

 
Fig. 56. Example of random vibrations response in time domain. 

As can be seen from Fig. 57, there are also clear spikes in the frequency spectrum, but the 
frequencies nearby have high amplitudes as well. In this case, the highest amplitudes oc-
cur at the resonant frequencies, but the excitation source clearly contains many other fre-
quencies in the range of 0-50 Hz. Therefore, it can be concluded that the excitation is a 
broadband random excitation. 

 
Fig. 57. Example of random vibrations frequency spectrum. 
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5.3 Rapid transient vibrations 
In rapid transient vibrations, the amplitudes are high only for a short time, after which 
they are damped out due to the damping effects of the system. Response of the system in 
rapid transient excitation is a clearly distinct spike, which decays quickly and the response 
returns to its normal level, as shown in Fig. 58. 

 
Fig. 58. Example of rapid transient vibrations response in time domain. 

With rapid transients, frequency spectrum could be used only for analyzing the natural 
frequencies of the system, as the excitations are not vibration, but impulses applied to the 
system. Therefore, frequency spectrum is seldom needed when analyzing rapid transients. 
5.4 Unexplainable measurement results 
If the measurement results are unphysical or the results contain strange frequencies, the 
validity of the measurements should be questioned. The measurement results should be 
always assessed by instinct and if possible, they should be compared with human senses. 
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7. NEWEST MITIGATION AND MEASUREMENT METHODS 
Active vibration dampers can be used to mitigate any kind of vibration problems, as they 
measure the vibration level and cancel the vibration by creating equal vibration in oppo-
site phase (Block et al. 2009). However, as they are active, malfunction in the active vi-
bration damper increases the vibration levels immediately. Therefore, active vibration 
dampers should be used only in locations where the maintenance is easy.  
Acoustic waves can be actively cancelled with loudspeakers, which create acoustic pul-
sation in the opposite phase. In addition, the frequency of vortex shedding can be dis-
turbed with synthetic jets, oscillating flaps and piezoelectric actuators. These methods 
have only been tested in laboratory environment. (Ziada & Lafon 2014) 
The use of active vibration or wave cancellation is easy, as the active devices take care of 
the adjustments and no root cause analysis is needed. However, in nuclear power plants, 
passive mitigation methods should be preferred, as they are not dependent on measure-
ments, which can be disturbed by radiation or high temperatures. In addition, nuclear 
power plants are operated continuously year-round with only a few days or weeks yearly 
revision outage and therefore the essential technology in the plant must have superb reli-
ability. 
Maekawa et al. (2015; 2016) investigated the use of LED and laser displacement sensors 
for vibration measurements. The benefit of optical sensors is that no mechanical contact 
is needed between the sensor and the measured object. It was shown in the tests that the 
optical measurement devices can be used reliably in vibration measurements. In addition, 
the stress of the pipe could be predicted by comparing the displacements with a mathe-
matical model of the pipe. 
Possible application for optical measurements in nuclear power plants is in quick hand 
meter measuring, if the influence of human error can be cancelled in the handheld device. 
In general, there is no reason why traditional measurement devices would be worse than 
optical devices, if the device can be mounted to the measured object. 
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9. CONCLUSIONS 
In this thesis, a matrix tool is developed for solving pipe vibration problems. The matrices 
help the user to make decisions based on detected anomalies and investigation findings. 
Thus, the user is guided through the problem solving and no expertise is needed in the 
field of vibrations. Vibration experts can use the tool as a reminder which are the possible 
methods or phenomena in different cases.  
The probabilities of the matrices is based on the knowledge shown in the report, however, 
the amount of the numbers is large and argumentation for every number cannot be found 
in the thesis.  The effectivity of the matrices will be found out as soon as they are used in 
practice. 
The phenomena behind anomalies are gathered in the thesis by going through handbooks 
of vibrations, nuclear power plant reports and articles to include all possible phenomena. 
The phenomena are described such that it is possible to understand why they occur, and 
if the risk of the phenomenon can be simply evaluated, equations and necessary values 
are shown. The characteristics of the phenomena are compiled in tables to ease the Inves-
tigation and Analysis phases. 
Interpreting vibration measurements is covered with simple examples of response in time 
domain and frequency spectrum. These are the most important measurement results and 
provide the needed information for the Investigation phase. In the Analysis phase, more 
complex measurements can be performed and different measurement graphs can be used. 
The allowable vibration levels were concluded from several standards and articles. Natu-
rally, other limits and opinions exist, but the introduced limits give good overall under-
standing about the existing limits. It must be always remembered that the guidelines can-
not take into account every possible piping configuration and geometry. 
The newest mitigation and measurement methods were researched in the thesis. However, 
it was concluded that there are no groundbreaking technologies, which would have sig-
nificant advantages in nuclear power plants. Especially, the active vibration control tech-
nologies are considered too risky to be used in nuclear power plants. 
The suggested future work is related to the matrices, as the first version of the matrices 
was developed in the thesis. The physics and phenomena which cause pipe vibration 
problems will remain more or less the same in the future. However, understanding and 
simulation of the phenomena will be improved. 
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