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1. Intreduction

One of the most important components of many
c.dustrial enterprises is a piping system carrying techno-
‘val gasses and fluids, The piping is particularly charac-
taristic to the thermal energy, chemistry and oil processing
¢lants where the, breakdown of a.piping system can cause
sciious consequences - from the troubles in technological
acesses to the. significant environmental damage and
casvalties among. the staff. The goal of this work was to
develop a computational approach supported by measure-
ment results for the evaluation of the vibrations of large
.cale piping excited basically by the hydrodynamic forces
~nd its stress - strain state with the emphasis on the growth
rate of hypothetic cracks' that  inevitably exist in any engi-
neering structure. As it is very difficult to evaluate the vi-
oratory forces causeéd by hydrodynamic origin explicitly,
=n assumption was made that elastic vibrations of the pipe-
"ine take place as a consequence of internal pressure pulsa-
uien and the level of excitation is being identified by means
. ie analysis of a finite element computational model and
" - employing the given measured amplitudes of vibration
at certain points of the pipeline.-

4. Yalid Approaches for Piping Vibration Reduction
and Evaluation

The mechanism of vibration excitation in real en-
& aeering systems usually is multi - source and very com-
.. The currently valid normative documents [1-3] for-
'ate the requirements for the evaluation of steady state
vibrations and vibration strength of piping and other
equipment. The main condition of vibration strength of
.1z is achieved by detuning the natural frequencies of
" ng from the determined frequencies of steady state
“‘on. The hydrodynamic vibration excitation forces
e vlace due to the operation of pumps, regulating valves
ser, equxpment mstailed in piping. The excitation
:fes of interest are as follows:
.‘1.. main frequency of rotation of the pump shaft @ =
2160, where n — speed of rotation of the shaft, rpm;
the requency of alternation ¢! =zlectromagnetic forces
in-the electric. motor of the pur. . w = 2mZ/60, where Z
- the nurdber of grooves in the  or of electric motor of
the pump;ie .
the frcquen&:y of alternation of hydrodynamic forces,
depending on the number of wvanes of pnmp blade
waeel Z - o= 2mZ/60;
mefrequency of hydrodynamic forces arising due to
“ruption.of whirls in the flow ‘over local obstacles in
12 piping @ = 228rv/d, where St - Struhal's number, v -

velocity of the flow, d - characteristic dimension of ob-
stacle.

In reality, despite of detuning the main harmonic
components of the excitation from natural frequencies of
the structure, the vibration can still reach considerable lev-
els and the more detailed analysis of its effect upon the
structure is necessary [4, 5]. The vibration strength can be
evaluated by calculating the lifetime of the structure on the
base of the values and distribution of stress amplitudes
over the structure and by applying the approved ap-
proaches based on fracture mechanics [6]. The sum of de-
fect caused by wide - spectra response is obtained by com-
bining the harmonic component responses contributing
more than 10% of the maximum component amplitude.
The asymmetry of the loading cycle is to be determined by
evaluating the average stress value which is considered to
be equal to the constant local stress value taking place due
to the effect of mechanical and thermal loading and resid-
ual tensile stresses.

3. Computational Procedures for Vibration Analysis

At the design stage the procedure of detuning of
the natural frequencies from the frequencies of the main
harmonic components of excitation is performed on the
base of natural frequency analysis of the structure. The
procedure is carried out by solving the structural eigen-
problem as:

det([K]-w*[M])=0 - LoD

where [K] is stiffness matrix of the structure; [34] is mass

matrix of the structure including the mass of the fluid in

pipes. After solving problem (1) the natural frequencies o,

@;, ..., w, and corresponding mode shapes {3'"}, {3},
, (¥} are obtained.

The excitation of piping by the forces arising due
to pulsations of pressure and velocity of the flow can be
qualified as a random loading of a wide frequency range.
The frequency spectrum of the variable component of
pressure is obtained experimentally by measurement. As
the internal pressure in the pipe is one of the possible loads
applied to pipe elements in ANSYS, the vibration ampli-
tudes of the structure are calculated. In order to obtain the
values of excitation forces over all frequency range two
different approaches can be employed.

I _approach (simplified). The spectral density of
the excitation is calculated by applying the Fourier trans-
form to the time law of pressure pulsation obtained by ave-
raging the time laws recorded during several mdependenl
measurements. Further; the obtained sneetral A~--=




harmonic excitation is regarded to be deterministic and is
approximately replaced by a discrete spectrum over the
frequency range of interest, Fig. 1. The response of the
structure to every harmonic component of the discrete ex-
citation spectrum is computed by solving the matrix equa-
tion in terms of complex amplitudes of vibration as

)={Fe}+

where [C]=a,[M]+a,|[K] is the proportional damping
matrix of the structure; @, , @, are coefficients, the values
of which are selected in order to ensure the given or as-
sumed damping ratio of structural vibrations; @ is fre-

(k]-0*[M]+ jolcv,)+ i, iF) @

quency of excitation; j=+/~1 is imaginary number. Vec-
tors of nodal forces {Fy}, {F;} are real and imaginary parts
of the excitation vector. As by obtaining the excitation
forces on the base of amplitude - frequency spectrum the
phase relations between harmonic components are not
available, it is reasonable to assume {F;} = 0, and excita-
tion vector {Fy} at every frequency of excitation  is cal-
culated in proportion to the amplitude of alternation of the
pressure with a given frequency. By using the HARMIC
analysis procedure implemented in ANSYS [7] equation
(2) is being solved at every frequency of the discrete spec-
trum of excitation. As a result, the discrete spectrum of
amplitides of nodal displacements and stresses in the pip-
ing are obtained and used as initial information for deter-
mining the fatigue defect growth rate.

The equivalent level of displacements and stresses
taking into account the influence of all harmonic compo-
nents is calculated as a combination of component ampli-
tudes of the response by using the square root of sum of
squares (SRSS) technique giving rather conservative re-
sults.
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Fig. | The approximate transformation of the spectral den-
sity (a) into discrete spectrum (b)

2 approach. The random excitation process is as-
sumed to be steady in time. The power spectral density
S(w) (PSD spectrum) is obtained on the base of measure-
ment results.” According to the definition, the PSD spec-
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trum is equal to the spectral density: of the autocorreiatic.
function R(r)= E[-'{: it + r)} Through symbol £ here we
denote the mathemat.cal expectation, and function *,

the time law of the random process under considerati:

this way, S(w) is obtained by'performing the Fourier ©

form over R(z).
The solution is performed as fmlowa Eigen'

problem (1) is solved and natural frequencies @), @,

o, and corresponding mode shapes {y""}, {y?}, ..., O
of the structure are obtained. The structural dynamic ea::a-
tion is presented in modal coordinates z, as n indepenc-
ent equations

}x{!] el o

where 9, is damping ratio of the / th mode; {f} is dix.
sionless vector of nodal forces describing the distributin~
of force amplitudes over the structure; x(7) is time funct
of the variable component of pressure.

Assume S(w) to be the PSD spectrum of randc...
process x(#). Then the PSD spectrum corresponding to
ith modal coordinate is obtained as NH{(w)S(w), wher:
N=p"}(f} and H, (e —1/[m —co,+j(2.9w )@} is the
frequency transfer function of a single - mass vibrating
system. The PSD response spectrum of the amplitude oi
j th degree of freedom (d.o.f) u; of the structure is deic. -
mined by summation over all modal coordinates as

2)= 3 HO N, B @)H, (0)s()

i=l r=l -

£ +20,9z, + 0}z, ={,v.(;}}r{f

where asterisk (*) means the complex conjugate quantit:

From the PSD speczum for displacements th=
PSD spectrum for stresses is obtained. The integral of the
PSD spectrum over all frequency range gives the mea.
root square value of the quantity the random process
which has been considered. E.g., the mean root sonar
value of the displacemcnt amplitude of jth d.o.f. is oo-
tained as

i=[s,
0

The approach is implemented in ANSY:
analysis procedure Random Vibration Method.

Validation of the model. The presented de
of excitation forces is very sunphﬁed therefore tb
tion of finite element models of the structures to be ana-
lyzed is necessary. The \.:)mputed amplitudes of the s:
tural response have 1 compared with measured ...
measurement points. ™ i< possible to obtain maximum
quacy of the computz- »nal model to the real structire
selecting appropriate vaiues of certain parameters o
model, e.g. the damping ratios of modal components . ...
amplitudes of pressure pulsations in different points o **
piping. As the first approximation, the excitation vesrmr
(i.e. vector {Fz} in the above mentioned lst approacn or
vector {f} in the 2nd approach) are being scaled in ord.. .
obtain the best coincidence of calculated and mea:
amplitudes at the points of the structure where the mr~
urement results are available.
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4. Results of Vibration Analysis of Ignalina NPP Main
~ Feed - Water Piping

For the evaluation of the vibrations of Ignalina
NPP main feed - water piping finite element model of the
piping was created in ANSYS [7], Fig. 2, by using finite
elements PIPE16 charged with water, as well as, rigid,
sildmg and damping supports under filters, valves and
flaps and elastic suspensions of piping.

Modal analysis of the model revealed 164 modes
of the feed - water piping within the frequency range 9-
200 Hz. The natural frequencies were distributed ‘rather
uniformly. over the frequency range. The lowest natural
frequency equals 3.44 Hz.

The computed natural frequencies were compared
to the main frequencies of excitation that haveé to be con-
sidered according to normative documents:

o the main frequency of rotation of the pump shaft:
f=1(2985 rpm) / 60 5 = 49.75 Hz;

¢ the frequency of alternation of hydrodynamlc forces,
depending on the number of vanes of pump blade
wheel: Z=7, f=49.75x7=34825Hz.

The spectrum of measured pressure pulsations in
the piping was essentlally different, Fig. 3. The pulsations
with the frequencies characteristic to the hydrodynamic
processes taking place in regulatory valves - 11, 21, 37, 67
and 100.5 Hz dominate. Neither of them is a multiple num-
ber of the main frequency of rotation of the pump shaft nor
of the frequency corresponding to the product of angular
frequency of rotation of the pump and the number of vanes
of the pump blade wheel. The conclusion-follows that the
real excitation mechanism is very complex and the prevail-
ing harmonic components could be hardly explained
basing only upon angular frequencies of the rotating ma-
chines. From the site of obeying the recommendations of
the normative documents, no obvious mistakes have been
made during the design stage in detuning the natural fre-
quencies from excitation ones.

Fig. 2 The finite element mode! of Ignalina NPP main
feed - water piping

As the spectrum of natural frequencies of the pip-
ing is dense and close to uniform, the pulsations of pres-
sure inevitably take place at the frequencies close to some
natural frequencies of the piping. Therefore a significant
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level of vibraticns is to be expgcted. The further ==
has been performed using computational methccs
ported by measu::inent results as described in coo.
The measurements ‘of the vibrations in 27 points
piping were performed. The vibration speed and sc-¢ =
tion in the direction of the three coo[ajpate axes wers ¢
corded when the reactor has been ope?é‘ted at ha'
full power. The amplltudc spectrum and lzvel o
were recorded, Fig. 4

The vibration displacements of the piping v i
the loading of temperature of 190°C, constant i
pressure of 8.7 MPa and pressure pulsations accoriio
data of measurements were computed using A™"°"""
satisfactory coincidence of experimental and comr: i+
tional resuits was obtained despite the fact thal pressuic
pulsations were measured not in the feed - wai =
rectly, but at the end of 20 m length control bra- =
It can be seen from Fig. 5 that the spectra of displarsr-
in measurement points are similar with respect 10 irequen-
cy components, as well as vibration amplitude (..l ..
comparison of computational and measurem::
allows to consider the pressure pulsation as o
source of the excitation and its values can be assumed vni-
formly distributed over the length of the piping.
In order to obtain more comprehensive inforrz’
special case of loading was simulated. The piri~= -
loaded by the pulsations of pressure of the same constan:
level over all frequency range 2-150 Hz. The obiamc.
spectra of computed vibration displacements in . ..
ment points are also very close to those obtained *
urement. Thus the assumption was confirmed that fhe -c -
tation of the main feed - water piping of Ignalina Nig
ing operation is of random wide range spect
The frequency relationship of the reaction of t.* o
such kind of loading practically does not differ from ir's
amplitude - frequency characteristic at the same levei o
excitation.. Therefore the combination of responses .. .
ferent frequencies in order to get the estimation ¢
maximum stress amplitude level can be perfermf‘ 1 Ry
combining peak responses taken from the amsiuuce
frequency characteristic aigher than 10% of the max.
one. The obtained resull. are equivalent stress « :
in pipes under the acti~n of separate compon"“" of the
loading spectrum and under the loading by all 6 comro-
nents simultaneously. -
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Fig. 3 The pressure pulsations in main feed - water »
f Ignalina NPP operating at full power (125Z . .~
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5. Fatigue Crack Growth Analysis for the Lifetime
Estimation

~ As no real defects have been.registered during the
inspection of the pipeline, normative documents [1-3] re-
quire to estimate the growth rate of a hypothetlc crack at
the location of maximum stress concentration. Therefore
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Fig. 4 The example of records of vibration acceleration in
the main feed - water piping of Ignalina NPP oper-

ating at full power (1252 MW)
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Fig. 5 Measured (a) and computed (b) vibration displace-
ment at the same measurement point of main feed -
water piping of Ignalina NPP operating at full power
(1252 MW)

the presence of the semi - elliptic surface crack of depth
= 7 mm (1/4 of the pipe wall thickness that equals
28 mm) and length ¢ =21 mm was assumed.

Norms ASME, Sec. XI, App.A-1000 [3] schedule
the following steps for analytical estimation of the fatigue
crack growth: :

« as initial data, the distribution of crack opening stresses
across the thickness of the cracked wall have to be
known; :

stress intensity factors are calculated by using analyti-
cal relations, as they are available only for typical
fragments of structures, the formula derived for the
fragment most similar to the structure under investiga-
tion is being used;

e the size of the crack at the end of the estimated lifetime
and the largest allowable initial crack size are calcu-
lated;

the conclusion about the acceptability of the presence
of the hypothetic crack for the further exploitation of

the structure is made.

The investigation has been’ performed, using the
SACC software [8] incorporating all’ necessary calculatio
and, estimation steps required by norms [3]. With knowi
values of crack opening ' stresses across the thickness of ti..
wall (we qbtam them by means of the ANSYS program, -
described in previous sections) and sclectgﬂ size of tln
crack the SACC program calculates the stress intensit,
factors K,,,,. during each loadmg cycle.

T-'hc formula for estimation of the crack g
rate reads as %=C(AK )", where AK =k K,

C, n - coefficients the values of which depend upon =~
rial properties and upon the ratio R Kol Ke::

linear size of the crack; V- number of loading cycles.
As coefficients C, n were not available for the pi, .

hm:\'

imar :

“line under investigation, the values recommend: <

SACC program for z similar sort of steel have been
For ferritic steel in air environment we took the following
values (ASME, Section X1, Article A-4000):

n=3.07,C =9.7340~107*(2.88 - R)*>” mm (Mpa\/?pf‘r'
where at 0.79<R<! the scaling multiplier equa's

0=-4335+57.97R.

An example of the crack growth estimation resui:s
is presented in Table. During the real operation time w:c
NPP :quipment is subjected to tremendous number o~ _
loadi~~ cycles. This implies some caution to be taler !
while interpreting the results. It seems unlikely that the !
empir:cal analytical relations have sufficient experimenta!
evidence at so large numbers of loading cycles. Anyway
we present the results of direct application of an appr-ve”
investigation method.

Crack type Initial size, Final crack size, i
mm mm
Internal longi- | Depth-7 | Depth-22.4, Length- :3.0
tudinal Length - 21 0.89x10° cycles
External longi- Depth - 7 Depth - 22.4, Length - ©
tudinal Length - 21 0.77x10° cycles
Internal circumfer-| Depth - 7 Depth - 22.4, Length 52.7 ¥
ential Length - 21 0.36x10? cycles ; §
External Depth-7 | Depth-22.4, Length - << -
circumferential | Length - 21 0.327x10° cycles

6. Conclusions

The computational approach supported by measu- ;
rement results for the evaluation of vibrations and 1uu
influence upon lifetime of a large scale piping subject: -
wide spectrum loading has been introduced. The anal
has been performed using ANSYS procedures where loac:
ing was scaled in order to match the data obtained 4l mzus-
urement points.

Though no obvious mistakes during the de
stage have been identified, the requirements of valid nor
mative documents to detune the natural frequenc;es of the
structure from a - priori determined frequencies of excite-
tion appeared to be not sufficient for ensuring l{mg -1
safe operation. The presented computations and mea:




ment results demonstrated that the-actual vibration level of
the pipeline is considerable and confirm the assumption,
that the pressure pulsation is the main source of the excita-
tion and its values can-be assumed- uniformly distributed
over the length of the piping. The actual excitation during
operation of the pipeline is a wide frequency range random
process. In order to evaluate the actual lifetime the maxi-
mum allowable number of loading cycles has been deter-
mined by means of appropriate fatigue crack growth
method implemented in SACC software.
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R. Barauskas, V. Eidukynas, V. Grigas, P. Ziliukas

SUDETINGO VAMZDYNO VIRPESIY [TAKOS
NUOVARGIO PLYSIO DIDEJIMUI
SKAICIUOJAMOJI ANALIZE

Reziumé

Sio darbo tikslas - sudaryti metodika hipotetiniy
plySiu vamzdziy sienelése didéjimui dél hidrodinaminiy
jégu suZadinty virpesiy poveikio jvertinti. Siilomos meto-
dikos pagrindas - vamzdyno virpesiu skaitiné analizé baig-
tiniy elementy sistema ANSYS. Viena pagrindiniy apkrovy
- dinaminis slégis vamzdyne yra registruojama atitinka-
momis realaus vamzdyno eksploatacijos salygomis ir pa-
naudojama virpesiams apskai¢iuoti. Apskaitiuoti virpesiy
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parametrai palyginami su iSmatugtaisiais kontrolinucse
takuose ir, nustacius tam tikrus neatitikimo désnin; i,
koreguojami. Konstrukcijos ilgaamZidkumas jveru. .

- programa  SACC ' apskaiiuojant maksimaly aph

cikly skaitiy. SkaiCiavimu rezultatai an
Ignalinos AE II bloko saugumo analizés atagkaita.

COMPUTATIONAL ANALYSIS OF THE VIRR AT
OF A LARGE-SCALE PIPING SYSTEM WI'1
EMPHASIS TO FATIGUE DEFECT GROW . =
EVALUATION

R. Barauskas, V. Eidukynas, V. Grigas, P. Ziliikas
Summary

The goal of this work was to develop a commie.
tional approach supported with measurement results .ot .
evaluation of vibrations of large scale piping excited ...
cally by the hydrodynamic forces with emphasic o -
growth rate of hypothetic cracks that inevitably exist in anv
engineering structure. The vibration analysis has beci pei-
formed using ANSYS procedures where the loadi
plied as variable internal pressure was scaled in orce
match the data obtained at measurement points. The ire-
time evaluation has been performed in terms of the ... -
mum number of loading cycles by using the SACT
ware. The results of computations have been used oracti-
cally in preparation the Safety analysis report of the “iu
unit of Ignalina NPP. ,

P. Bapayckac, B. D <unac, B. I'purac, IT. Ao

YUCJIEHHBIN AHA 77143 BJIUSHAA BUBPATIAA
CJIOXHOM CHCTEMbI TPYBOITPOBOJIOB HA
[MPUPOCT YCTAJIOCTHOM TPELLIUHBI

Peszwome

Llensto HacTosued paloTsl ABNIfETCA CO
METO/IHKHM MO OLEHKE B MAHMA BHOPALM COKHOY "
Mbl TpyGOmpoBOHOB, B030YKZAEMOM TMAPOIHHIM -
YeCKMMH CHJIAMH, HA TPHPOCT FHMOTETHYECKON YCiuioli-
HOM TpemiHbl. OCHOBY METONMKH COCTABIIACT HML.ILE il 1
aHanu3 Brfipauui TpyOonposoza ¢ MOMOIIBIO KO
asementHoit cuctembl ANSYS. JlMHaMH9eCKOe HanTs e
B TpyOONMpOSOAe M3MEpACTCS Ha IKCIUTYATaUHOHHL.
KHMax 1 »CIIONb3YEeTCs B pacyeTax BHOpaumit B ke
Bo30yxna:oiero Bosnetictsud. [lomydennkie mpy nor
Tax napamMeTpil BHOpaiMii CpPaBHHBAIOTCHA C COOTLUL -
BYIOUMMH JaHHBIMH K3MEPEHHH M MpH HeoOXomit. . .
KOppeKkTHpYoTCA. JI0AroBeYHOCTh KOHCTPYKILHHK Ot 77
€TC pacyeTOM MaKCHMAIBHOTO YMCAA LIMKJIOB HArmy
HuA ¢ nomoursio mporpaMmel SACC. PesynsTarsi paou s
WCTIO/IB30BAHLI B OTHETE M0 aHanu3ly Ge3omacHol:x
aneprobnoxa Hruamuucxoit ADC.
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