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ABSTRACT

This paper examines some of the qualification techniques currently used by the power
industry, including the techniques specified in a recently issued standard related to this
subject (ANSI/ASME OM-3, Requirements for Preoperational and Initial Startup Vibration
Testing of Nuclear Power Plant Piping Systems). Several methods are used to demonsirate
the amount of conservatism inherent in these techniques. Allowable limits calculated by
the use of simplified techniques are compared to limits calculated by more detailed
computer analysis. A portion of a reactor feedwater piping system along with the results
of a piping vibration monitoring pregram recently completed in a nuclear power plant are
used as case studies. The limits determined by the use of simplified eriteria are also
compared to limits determined empirically through the use of strain gauges.

The simple beam analogies that use vibrational displacement as acceptance criteria
were found to be conservative for all the examples studied. However, when velocity was
used as a criterion, it was not always conservative. Simplified techniques that result in
displacement allowables appear to be the most viable method of qualifying piping
vibrations.

Quantities referred to in the paper are cited in British units throughout. These may
be converted to the International System of Units (SI) as follows: 1 foot = 0.3048 meter;
1 inch = 0.0254 meter = 1,000 mils; 1 psi = 6,894 pascals; and | inch/second = 0.0254

meter/second.
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1. Introduction
The objective of this paper is to quantify the conservatism inherent in the

simpl

ied qualification techniques used for piping siteady~state vibration. Most pipiong
will experience some amount of steady-siate vibrations as a result of the flow of the
contained fluid ow resulting from vibrations of associated equipment. In nuclear power
plants these vibrations must be qualified to ensure that a fatigue failure will not result
during the 40-year design Life of the plant. Governing power piping codes and U.S.
Nuclear Regulatory Commission Regulatory Guides contain requirements for counsidering the
effect of piping sieady-state vibrations. The predominant way of accounting for these
vibrations iz te monitor the piping during actual operation. This avoids the need to
conaider the effect of steady—stale vibrations in the design-basis analysis of tche
piping. Because of the immense amount of piping typically feund in a power plant,
simplified qualification techniques are needed to keep the task of addressing the
vibrations within manageable limits.

Quantifying the coneervacism inherent in various qualification techniques will avoid
the use of overly conservative or noanconservative criteria. The use of overly
conservative criteris will result in needless additional analysis and/or testing or may
result in unnecessary system modificarions. Conversely, the use of nonconssrvative
criteria may vesult in piping fatilures which could have detrimental effects on plant

reliabilicy and safetye.

2. Simplified Qualificacion Technigues

Sereening methods are used to develop allowable limits for piping vibration. The
objective of the screening wmethods is to provide a simplified neans of calculating
conservative acceptance criteria for the vibratory response of piping. Various approaches
have been used in developing screening methods. |1,2,3] Generally, chese methods are
pased on the assumption that the vibratory stresses in a pipilug system can be
conservarively estimated by dividing the system inte smaller segments and using a simple

bean analogy to estimaie the stresses. The fundamental vibratilon modes of the

simple beam models are used to derive the acceptance criteria. The acceptance criteria
are further basad on limicing the peak vibratory stresses to a value less than or ejual to

the stress endurance Limit for the piping material. Since a continuous lLO-hertz vibration

.0

can resullt in greater than 10} stress cycles over the 40-year design life of a powver

plant, the effective endurance limit for power piping would be a peak stress allowable

v 1010 cycles.

@
corresponding to approximat

(>

An American National Standard has been written to addre

piping vibration. The
standard &5 ANSL/ASME OM3-1982, "Requirements for Preoperational and Initial Startup
Yipration Testing of Nuclear Power Plant Piping Syscems” (herein referred to as OM3).™ The

screening methods discussed ln this paper are included in this standard. To avoid fatigue

failures, this standard limics the maximum calculated aliernating stress inveansity, 8

alt?
as follows:

M
a 2= e R 4 Q Q / =7 I S ar Sea
Cap - szzls @5, (o bel 'Fs 7,690 psi for carbon steal) (1)
where: Cy = secondary stress index as defined in the ASME Code [4]

Fodifications planned for Rev, 1 of OM3 are included in eq.(1l).
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K, = local sivees index as defined in the ASME Code

M = maximum 2Zero to peak dynamic moment loading due to vibration only

Sa1 = alternating stress (S_) at 10° cycles from Figuces [-9.1 oy I~9.2 of
Section ILI of the ASME Code

Z = section medulue of pipe

o = 0.8 or 0.6 for materiale covered by Figure I-9.1 or 1-9.2,
respectively, of Sectilion IIT of the ASME Cocde

FS = a factor of safety of 1.3. Where the user demonstrates analytically
or by experience that the screening methods used are inberently
congervative by at least a factor of 1.3, then this factor of eafety
need not be included in the calculation of 8

alee

2.1 Simple Beam Models

Vibratory moticn can be described in terms of displacemer:

t, velocity ot
acceleracion. Likewise acceptance criteria can be specified in cerms of any three of
these parameters. Figure 1 illusirates the simple beam models that were used to caleculate
screening displacement limlcs in a recently completed piping vibration monitoring piogram
at a nuclear power plant. [31 Only two types of models were used to determine inifcial
screening vibration limits. These models were a fixed-fixed beam and a fired-guided beam.

The fundamental vibrational mode for a fixed~fixzed beam is used to calculate the
deflection limits. OCombining the maximum deflectvion and moment equations resulting from
the fundamental mode shape, together with the allowable stress intensity (ego 1), the

maximum allowable peak-to-peak deflection, A, can then be expressed as follows:

12
A= 0,006 e (2}
DOCZRZFS
wheres 12 = characteriscic span length, ft (see Tig 1)
D0 = pipe ocutgide diameter, in.

Note that the fundamental shape of a fixed-guided beam is identical to that of a
fixed=fixed beam from a fixed point to the center. Therefore, by using L/2 inm eq. 2, the

maximum allowable peak-to-peak deflection for a fixed-guided heam becomes:

2
A= 0,024 %TTG‘ | 3
027278

Allowable vibration displacements based on ej. 2 and eg. 3, assuming a peali stress
index (CZKZ) equal to 5.0, are shown graphically ian Figure 2.

These simple beam models were wssed in a procedure that' required the piping system to
be walked down during its various operatiug modes. The actual vibratory response of the
piping was witnessed. Based oun the actual vesponse of the system, the inspeciors decided
which simple beam model to use and then determined the characteristic span length
(Figure 1). The peak stress indices used in the displacement limit equatvions (eq. 2 or

eq. 3} were equal to the highest indices caleulated for all ihe piping components in the

=

vicinity of the vibrating segment of piping. The charact

istic span was determined by
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locating the vibratory node points {(point of zero deflection) adjacent to the measured
deflection. If node points could not be determined, then the characteristic span was
equal to the distance to the closest seismically rigid restraints. Alternatively, a span
length judged to be conservative by the inspectors was used in the deflection limit

equations.

2.2 Velocity ¢riteria

Velocity limits have also been used as criteria for assessing the severity of piping
vibrations. The relationship for sinusoidal motion, eq. 4, 1s used to develop velocity
allowables, where V = wd (4), V = velocity, where w = angular frequency of vibrational
mode, and d = zerxo to peak displacement,

The concept of breaking a piping system into a series of small pipe spans and using
simple beam analogies to model the vibrating segments of piping is also used to develop
the velocity acceptance criteria. By combining the equations for fundamencal mode
frequency and allowable fundamental mode displacement, it can be shown that allowable
velocity is dependent on a constant value times a configuration factor and a factor for

lumped masses. [1,6]

2.3 Human Perception and Judgement

Human perception and judgement are key elements in the use of the simplified
qualification technique. Typically, vibration measurements are not taken along the entire
length of the piping system. The inspector determines where to take measurements and
decides on the beam model and characteristic span length to be used. Figure 3 gives
examples of allowable vibration limits for various structures and piping. As noted from
the figure, vibraticn levels below the allowable limits will be perceived as being
excessive. This indicates that using human judgement to determine what measurements Lo

take is a viable approach.

3. Conservatism of Simple Beam Analogies

Using simple beam analogies to model a vibrating segment of pipe assumes that the
characteristic span of the vibracing segment is deflected in a shape similar to the
fundamental vibration mode of a simple beam. The use of a fixed-fixed or fixed-guided
beam analogy produces the most severe deflected shape. For example, if a fixed-fixed beam
were used to model the vibrating spans shown in Figure 4, the resulting allowable
displacement limits would be conservative by a factor of 2.0 for span 1 and a factor of
3.3 for spans 2 and 3. Note that lumped masses do affect the deflected shape. For masses
near the center span the effect on the sinmple beam models will bhe to increase the
conservatism. TFor masses near fixed ends (node points), the effect may be to reduce the
conservatism. The examples discussed below include lumped masses {valves).

The simple beam analogies also assume that the location of the peak stress index will
coincide with the location of the maximum moment. The ASME Code peak stress index, CyK,,
may also be conservative. [7] Using only a fizxed-fixed or a Fixed-puided model also
ignores the additional flexibility resulting from a bend in a pipe span. Based on the

models given in OM3, ignoring bends can be conservative by as much as a Factor of 2.0,
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Implementing this eriterion requires chat the actrual response and deflected shape of
the vibrating piping be witnessed. The characteristic span is then determined by the
location of the vibratory node points. However, in practice it is often not possible to
locate node points. In this case the charvacteristic span length is determined based on
the location of adjacent seismically rigid restraints or a conservative gpan length is
determined by the judgement of the inspectors. Using a span length shorter than the
actual characteristic span length will result in additional conservatism. Wote that a
frequency cheeck can be done to verify the conservatism of the simple beam model used. A
frequency check invelves calculating the frequency of the simple beam analogy and
comparing it to the measured frequency of the vibrating piping segment. If the calculated
frequency is higher than the measured frequency, chen the beam model uzed is stiffey than

the vibrating pipiag segment and the calculated deflection limits should be conservative.

3.1 Finite Element Model

To analytically assess the conservatism of Lhe simple beam analogies, a sample piping
system was modeled as a three-dimensional space frame and a finite @lement program
(PIPSYS [8]) was used to perform a wesponse spectyum analysis. The sample piping system
iz a fecedwater gystem inside the primary containment of a boiling water reactor.

Three sample cases were examined. The First two cases look at a single mode of
vibration. The third case looks at a combination of ten modes of vibrarion ranging in
frequency from 14.9 hertz to 39.0 hevrtz. The ten nodes were pseudostatistically combined
using the square voot of ihe double sum method. [9] The deflected shape of ithe piping
tesulting from the statistical combination of the ten modes was used in the sample labeled
SRDS.

The piping system was then divided into vibrating spans and the simple beam apalogies
were used to caleulate allowable deflection limits for each of these spaus. Using the
results of the finite element analysis, the stress in each span was then normalized to the
allowable stress of eq. l. A comparison factor, similar to that defined by Stoneking and
Eryter [10], was calculated for each span as follows:

Finite Element Span Maximum Displacement
Corresponding to 7,690 psi
d Simple Beam Analeogy Allowable Displacement

In addivion, an Fé was caleculated. This comparison factor assumed that all of the
peak stress indices, GoKy, were equal to 1.0, Therefore, by comparing Py and F;, the
effect of the assumption chat the peak stress index occurs at the maximum moment Location
can be quantified.

Te assess the validity of the velocity allowable given in OM3, velocity comparison
factors, Fv and Fé {with CZKZ = 1,0), were calculated as follows:

Finite Element Span Maximum Velocity
Gorresponding to 7,690 psi

Fv = OM3 allowable velocity (5)

where the span maximum velocity eguals the span maximum displacenent multiplied by

the modal frequency, w.
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The following equation is used to calculate the OM3 allowable velocity:

. -3
v ) Clch 3.64 x 10 (o Sel) )
all C3 CZKZES

where: C1 = concentrated weight correction factor

C3 = pipe content and insulation correction factor
CA = pilpe configuration correction factor

(othdr terms are previously defined)

3.2 Case Studies

Two exanples taken from piping systems measured during the completion of a piping
vibration program at a nuclear power plant are also presented. Only a portion of the
actual piping systems was coded and analyzed by the finite element program. The portion
analyzed was the section of piping in the viecinicy of the vibrating piping segmenc. This
allowed comparison factors to be calculated for that particular segment of piping. The
two case studies are for a portion of the Service Water (WS} and a portion of the Hign

Pressure Core Spray (HP) minimum flow line.

3.3 Results

The deflected vibrational shapss used as examples for the FW piping are illustraved
in Figures 5, 6, and 7. The first mode vibrational shapes for the W5 and HP case studies
are shown in Figures 8 and 9. The results of the cowparisons are given in Table I. 1In
summary, the displacement allowables calculated via the simple beam analogles were shown
to be always conservative. Considering the peak stress indices the Fé values ranged from
1.5 to 1.7, with an average value of 5.8. (For 18 case studies not detailed in this
paper, taken from the piping vibration program at a auclear plant, the average Fd value
was 3.5, and the miniwum F value was 1.6.) When peak stress indices were not consideved,
the Fé values ranged from l.4 to 7.5, with an average value of 3.3. Comparing
Fd and F& values indicates that assuming the peak stress index occuls ab tie maximom
moment location can result in significant additional conservatism.

For most cases the velocity allowables as calculated according to OM3 were also shown
to be conservative. However, the velocity allowable proved to be unconservative for the
HP case study. Considering peak stress indices, the comparison factor F, ranged from 0.5
to 4.5, with an average valve of 2.0 . Considering all peak stress indices to be equal to
1.0, the comparison factor FG ranged from 0.5 to 2.1, with an average value of 1.2. Based
on these comparisons additional work is required to develop a velocity critevion chat will
consistently result in conservative allowables. For example, for the vibrating spans
shown in Figure 4, F§ is equal to 1.5 for spans 2 and 3, but FG is equal to 0.9
(unconservative) for span 1 (assuming Gy = 1.0, Cy = 1.0, Cy = 0.7)a Whareas
the F& values were equal to 3.3 and 2.0. To develop a more usable velocity criterion, the
pipe configuration correction factor, CA» should be further developed to better account
for the mass and stiffness effects that more complex piping configurations have on the

frequency assunpiions of this criterion.
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These results indicating that the displacement criterion is conservative and the
velocity criterion is sometimes unconservative agree with the results of & study complaced
by Stoneking and Xryter. [10] Note chat the OM3 velocity screening allowahle of
0.5 in./sec represents a conservative value. 16l
4, Conclusiong

Velocity acceptance criteria hold some promise as usable screening tools for piping
vibrations. However, the effects that complex piping configurations have on the frequency
assumptions must be better accounted for. The drawback with such criteria is that the use
of complicated correction factors will make the velocity method more difficult to
implement .

The two simple beam analogiecs addressed in this paper were shown to be always
conservative by at least a factor of 1.5. 1In addition, the use of these two modelsg
generally did not result in excessively conservative allowables. Using inspectors to
monitor piping vibrational response and using the simple beam analogies to calculate
allowable displacement limits results in a qualification technique that is easy to

implement and will be effective in avoiding vibration-related failures.
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TABLE I3

SUMMARY OF COMPARISONS

8

ALLOWABLE
NODE POINTS NISPLACEMANT TN
DEFINING SIMPLE MILS PEAK TO PEAK  COMPARISON FACTORS
CHARAGTERISTIC BRAM FINLITE BEAM
EXAMPLE SPAN ANALOGY®* ELEMENT ANALOGY Ed Eé I, Eé NOTES
W 4=2 Fa~Fx §, = 142 28 5.1 4.2 1.4 1.2 1.2,5
Mode 2 34 Fx-Fx 62 = 148 50 3.0 2.9 lob 1.4 3,6
(15.9 hertz) 56 Ig-Fx 63 = 398 46 8.7 4.0 3.0 1.4 4,17
78 Fx-Fx 64 = 104 36 3.0 2.8 1.2 1.0 4,11
9 Yx~-Gd 65 = 184 20 9.0 4.9 1.4 0.8 4,7
W 1-2 Fx-Fx 66 = 32 54 1.5 1.5 1.1 1.0 b6
Mode 6 4 Fx—Gd 67 = 130 38 3.5 2.2 1.4 0.9 4,7
(24 hertz) 2-3 Fx~Fx 68 = 130 Z 5.1 2.5 2.0 1.0 1,2.3,
56 Fx~Fx 69 = 286 38 7.5 2.1 3.2 0.9 b7
TW 2 Fr—Gd 610 = 246 38 6.5 3.7 m—m e 4
SRDS & Fx—Gd 8y = 124 84 1.5 1o ==— o 1,2,3
5~6 [~ Fy 81y = 626 40 1547 &oh  —emer mee 4
7-8 Fr=-Fx 613 = 76 50 1.5 lod  mwm e 4
WS
Mode 1 1 Tu—Gd 8y = lo4 20 8.2 7.5 2.4 2.1 1,2,3,
(4.5 hartz)
Ws 1 Fx—Gad §, = 162 20 8.1 Tol e e 8
SKDS -
HP 1-2 Fx=Fx 5, = 28 12 2.3 2.4 0.5 0.5 1,2,9
Mode 1 '
(16.4 hertz) 3-1 Tr=Fxz 65 = 422 40 10.6 3.3 4.5 1.4 3,10
HP - Fr-Fz 66 = 36 12 3.0 2.0 mem e 9
SRDS 3] Fx~Fx 57 = 400 40 10,0 3.0 ——— ~——— 3,10
HP
STRAIN 1-2 Fu-Fx 68 = 33 12 27 w0 mmm o
GAUGE
#Fy—~Fx = Fixed-fixed
¥Pz-Gd = Fixed-guided
NOTES
1. Span with nighest stregs without considering peak stress indices (C2K9)
2. Span with highest stress considering peak stress indices (CZKZ)
3. Span with largest displacement
4, Span with intermediate stress and displacement
5. Velocity correction factors: C; = 0.7, C3 = 1,16, Cp = 1.0, maximum peal stress
index = CoKy = 3,39 -
6. Velocity correction factors: C = 0.7, Cqy = 1.16, C; = 1.0, maximum peak stress
index = CyK, = 3.00
7. Velocity correction factors: Cl = 1.0, C3 = 1.21, Gy = 1.0, maximum peale strass
index = CyK, = 3,43
8. Velocity correction factors: C; = 0.8, C3 = 1.46, C; = 1.0, maximun peak stress
index = CoKy = 15.86
9, Velocity correction factors: Cl = 1.0, C3 = 1.29, G, = 1.0, maximum peak stress
index = CpK,y = 6.95 '
10. Velocity correction factors: €y = 1.0, C3 = 1,29, Cp = 1.0, maximum peak stress
index = CoK, = 4.54
11. Velocity correction faciors: C1 = 1.0, C3 = 1.21, C, = 0.7, maximun peak stress
index = CoK, = 3.43
e 148 e
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A, allowabie displacement, mils (peak to peak)

Model 1 Modet 2
%’? Characterisiic span lengih (L) Characteristic span lenath (L)
D <k : )
L Fixed 4 A/M g Fixed Fixed § M//"Zﬂ

o 15 =

Al / o b1
P Vilration out of . Vibwation in plane 8
f plane of slbow o . of elbow -3
7 5 / ‘3%?2“32#” straight| , 7} F\ibration out of
c (¥ bem plans of elbow | L P
a Characteristic wihen L>>1, 2
B Lt /‘T‘)\ span
L . i Characieristic
E | Charactsristic LA S span =L,
g | span =L+l Characieristic span l
]
a Key: A~ Aliowable displacement -
B hased on heam analogy “;;
T & =Measured vibration 4 945 4
% e=VYilrational nede point or } 4 Ly 1
W selsmic restvaint locations Characteristic span = L, when L>>L,

Figuve 1

5

Characterisiic span length {1t} for fixed-guided bean analog
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Figure 2
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Screening Allowable Displacement Limits for

Piping Steady-State Vibration
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Figure 3
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Caulion: Indicated vibration
limits are for average piping
systems constiucied in
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engineering practices. Make
additionat allowances for
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forced branch connections,
eic. Limiis are based on
experience. The values may
be uncenservative or overly

‘conservative for some config-

urations,

Sample Allowable Vibration Levels
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