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I NTRCDUCTI ON

To even a casual observer, a npbst ob-
vious effect of pulsations is that it
forces piping and ot her plant systens into
sust ai ned vi brati ons and, under some condi -
tions, the vibrations can cause fatigue
failures at critical, high bending stress
regions in the nmechani cal systens. The
exi stence of such pul sation-induced ne-
chani cal vibrations suggest two obvi ous
approaches to control and one approach
whi ch i s perhaps | ess obvious. These are:

1. Supply mechanical restraints
which will prevent nmovenent of
t he pi pe.

2. Elimnate or control the pulsa-
tions.

3. Elimnate the coupling of pul-
sations as forces into the

pi pi ng.

Whi | e each of these approaches are
val uabl e, no one approach is optinmumin
all cases and any one by itself can prove
excessi vely expensive. The cost of me-
chani cal |l y restrai ni ng conpressor pi pi ng
or overhead plant piping, for exanple,
soon causes the engineer to seek help from
ot her control approaches. A simlar situ-
ation exists with pulsation control. |If
pul sati on suppressors are designed to
elimnate "all" pulsations {i.e., to a

| evel that any piping systemcould be
utilized) then it is soon found that pres-
sure vessel s of excessive size are re-
qui r ed.

The concept of decoupling the pul sa-
tions fromforcing the nechani cal system
into vibration will be discussed in a |later
section, but basically it involves control -
ling the | ocation of bends, constrictions
and piping discontinuities relative to the
pul sation standing waves. It is difficult,
for exanple, to excite an infinitely | ong,
strai ght, constant dianeter pipe into vi-
bration frominternal pulsations. |In nore
realistic piping configurations, however,
there are al so things that can be done to
m ni m ze pul sation shaking forces. These,
too, will be described later in this chap-
ter.

Whi | e each of the above approaches are
useful in controlling known piping vibra-
tion problenms, two fundanmental questions
remai n whi ch can drastically reduce the
tinme and effort involved in field fixes:

1. Are you aure the vibrations are
excessive and require reduction?

2. Wiat can you do at the design
stage to prevent the probl enf?

Again, these will be dealt with in
subsequent sections involving "Criteria",
"Field Testing" and "Si nul ati on Techni ques
for Predicting Pulsation |Induced Vibra-
tions".

Pl PI NG VI BRATI ON AND STRESS CRI TERI A

One of the major reasons why pul sation
control al one should not be used to contro
flowinduced piping vibrations lies in the
fact that there are no pulsation criteria
whi ch can be reliably used for preventing
vibrations. In spite of the fact that nany
such criteria have been evolved, it is not
pul sati ons per se which are the probl em
but rather the dynami c stress | evel s which
result in the pipe wall. Wenever vibra-
tory stress exceeds the endurance | evel of
the material, piping failure i s imminent.

By simlar argunent, it can be seen
that vibration anplitude criteria for
pi ping systens are |ikew se dangerous and,
agai n, are fundamental |y the wong approach



unl ess consideration is given to the con-
figuration and di mensions of the piping
system bei ng consi dered. The technica
literature is replete with vibration cri-
teria for plant piping, machi nery, and
structural systens which specify "all ow
abl e" vibration anplitudes as a function

of frequency as shown in Figure I. Such
criteria are based |argely upon the experi -
ence of field personnel operating or work-
ing with such equi prent. Wile they may
be applicable in a statistical sense to
average or typical piping, they are funda-
mentally incorrect because they do not con-
sider the configuration involved. As such
they introduce considerable risk when used
in evaluating any specific piping system
as they may result in a degree of design
confidence which is unwarranted by the de-
si gn procedure used
are based on typica

or average conditions,

Al though the criteria

they do not normally contain such a warning

or supply a definition of the limts of
what constitutes average or typical.

The problemw th any such criterion is

not so nuch that it is not applicable to
many plant systens but rather the cost of
failure and downtinme in those cases in
which it does not work. Wile the statis-
tical data fromwhich the criterion was
generated proves it works in nobst cases,
the risk that it may not work for the next
design should often dictate a nore thorough
analysis. Note that the criterion as pre-
sented does not differentiate between a
stiff conpressor manifold systemand a
flexible scrubber lead line. |If the crite-
rion is sufficiently conservative to pro-
tect the conpressor manifold system it

will normally be overly conservative for
the lead line. It should also be noted
that the stress level in a pipe is a func-
tion of physical distortion only (i.e.,
strain), and is not a function of frequency

for the general case. |If frequency is to
be one of the controllable allowables in

vi bration anplitude, it nust include cogni-
zance of the type of piping span invol ved
and its resonant frequency and node shape,
as di scussed bel ow.
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Figure 1. Allowable Piping Vibration Levels
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Stress Predictions in ldealized Pi pe Spans

For any span configuration, it is fea-
sible to calculate the stress which re-
sults froma given deflection (stress per
ml, or s/y), providing the end conditions
and vi bratory node shape (deflection pro-
file) are known.

The general equation relating maxi num
stress in a pipe to the nmaxi mumdefl ection
along the span is given below for the | ow
est vibratory resonance node (note that
t he maxi mum stress and maxi num defl ecti on
are generally not at the same point):

s = Stress at nmaxi mum stress point,
psi  (tb/in?)

E = El astic Mdul us. lb/in’I

D = Di aneter, in

525;5;2 eval uat ed at nmaxi mum

stress point

Wy
i

y = Deflection, mls, at maxi mum
defl ecti on point

2 = Span length, in
L = Span length, ft
X = Frequency factor

for steel pipe, this becones

104. 17 EIZ ¥ psi stress/mil
Y deflection

Solution of this equation for several span
configurations is given in Table 1. This
tabl e can be used either:

1. To determine the stress resulting
froma given deflection (at the
maxi mum def | ecti on point) or

2. To establish nmaxi mum al | owabl e
def | ecti ons.

Non | deal Beans

Tabl e 1 assunes idealized end condi -
tions. As described in a |later section,
a typical straight continuous span with
strap and pier supports nost nearly
mat ches the resonant frequency prediction
of the fixed/simply supported beam (A =
15.42). In field situations where the

Table 1. Constant Factors for Cal cul ating
the Stress Per M1 (s/v) in
Various Pipe Spans

Beam Type
s/y = 2935 %
L
Fixed-Fixed
§__ e = R
’ 2
-] L
Gnt ilever
s/y = 1028 -D—£
A ZAN E
S nply
Support ed
N sly = 2128 _25
$§ ay &
Fixed/Simply
Support ed
N T "
:\-“w af.f:'. = 1‘!‘!1 2
L
T3
L-Bend
L/3
s/y = 3600 _PE
L/3 1
Z-Bend
1. /1
T e
N
N
3 _ D
U-Bend |L/3 s/ly = 2836 ~—5
L

L/3

| owest resonant frequency of the span can
be neasured (as by bunping with a cross-
tie), the stress per m| can be adjusted to
conpensate for noni deal supports by the
foll owi ng equation (for straight spans

only):

=



(s/v) (s/v)

actual ~ calculated

fo measured j x  SCF

_____£;O cal culat ed

resonant frequency

y
(o]
Il

SCF = stress concentration factor
as nay be applicable to the
point (fitting, etc.) where
maxi mum st ress occurs.

For ideal sinply supported spans, the
above linear relationship between stress
and frequency may be as nmuch as 50% hi gh
(conservative), but for other end condi -
tions accuracy is generally wthin about
5%

Vibration Criteria

It was noted in the first section
above, that generalized piping vibration
criteria are fundanmentally incorrect un-
| ess configurations and di nensions are in-
cluded. This section will therefore in-
cl ude these considerati ons and generate

new vi bration criteria, at |least for sone
pi pi ng configurations.

APl Standard 618, "Reciprocating Com
pressors for General Refinery Services",
2nd Edition, 1974, in Section 3.3.2.1.a.,
states that the vibration induced cyclic
stresses should be | ess than 26, 000 ps
peak-to- peak for steel pipe below 700 F.
This criterion is based upon the curve
given in Figure 2, "All owabl e Anplitude of
Alternating Stress Intensity, Sa.", given
in ANSI USA Standard B31.7, "Nucl ear Power
Pi pi ng" and ot her ASME codes. Extensive
use of these curves has shown themto be
conservative even when the conbi ned steady
state stresses i ntroduced by pressure,
thermal and wei ght |oading are near the
yield stress.

Based upon sone 25 years of experience
with piping vibration and fail ures, SwRI
has devel oped vi bration anplitude versus
frequency criteria (Figure 1) inlieu of a
nore exact technique for estinmating the
vibratory dynam c stress in specific piping
configurations. The disadvantage of cri-
teria such as givenin Figure 1 is that if
they are conservative for stiff conpressor
mani fol d systens they can be overly con-
servative for long flexible lead |1l nes.
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The inportance of configuration is 11-
lustrated by conparing a cantilever pipe
section with a fixed-fixed span or L-bend
of equal length. CObviously, the stress
generated in the cantilever span due to a
1-inch end deflection is different than in
that generated in the other configurations
by an equal deflection. It is also appar-
rent that a lower stress will be generated
in along span than in a short one. An in-
vestigation into the dynam cs of such spans
shows that the variation in stress per unit
deflection tracks rather directly with res-
onant frequency for a given span type; i.e.,
a long flexible span has | ow stress per
unit deflection and | ow resonant frequency.
This frequency variation may be used advan-
tageously to normalize (non-dinensionalize)

al l owabl e stress criteria. For exanple,
the usual allowable deflection vs. fre-
quency plots could be made substantially
nmore accurate if the absci ssa were changed
fromvibration frequency to fundanental
span resonant frequency.

The vi bration all owabl e deflection cri -
teria for L-bend piping spans is given in
Figure 3 for first and second node resonant
vibrations. Note that when the usual dis-
pl acenent criterion is multiplied by fre-
quency, an alnost flat, horizontal crite-
rion curve results and the product of vi-
bration anplitude and frequency is, of
course, vibrational velocity. The approach
used in devel oping these criteria foll ow
the anal ysis procedure described in the

UNEQUAL LEG L-BEND
STRESS, PsSI

g = Ky

v= Vel ocity, in/sec

K, 102 PSI/IPS

Fi gure 3.

Al l owabl e Deflection Criterion for El1l
Bends, For First and Second Mbdde Res-
onant Vibrations (Steel Pipe)



precedi ng section, wherein the deflection
required to produce 13, 000 psi bendi ng
stress is used as the standards of accept-
ability (i.e., when stress equals the en-
durance limt of the steel.)

Simlar criterion curves are now being
generated for other piping span confi gura-
tions as a part of the SGA Research Pro-
gram and a nonograph is being prepared to
conpute stress as a function of deflection
for a broad spectrum of span confi gura-
tions.

DEVELOPMENT COF VI BRATI ON AMPLI TUDE AND
VELOCI TY CRI TERI A

The natural frequency of a uniform
beam can be cal cul ated by any of the fol-
| owi ng equati ons:

A EI
2m uld
e o j E (L)
2m Vyi‘* \A/
_ Ak gE
£ =50 Y
Wer e:
B = YA
v = Density I b/in3
A = Metal area, i n2
E—
K = I = 0.34 D for pipe (see
A Fi gure 4)

Using the expression of 0.34 for the radi-
us of gyration,

_ X E 0.34D
t=m YT (“ﬁ_)

(Note: 2 is in inches.)

For steel pipe this becones:
_ AD S
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Figure 4. Conparison of Approximations
for Radius of Gyration Ver-
sus True Val ue for Various
Pi pe Sizes

For sinusoidal vibrations, vibrational ve-
locity (v) is Zmty, and the stress equation
can be witten in terns of stress per unit
of vibrational velocity:

S _ 1000 i
wEy - I (2370 f
oy i
= 218.2 Y

I n anot her form

S D ' K

= K H where X = —
Y L2 144 x 105
S - 1.46 % 105 X
v X
5 - ©w'
~ - 1 T

Tabl e 2 gives the all owabl e stress per ve-
locity for straight beans and equal |eg
bends vibrating at their | owest resonant
frequency. Note that the range of stress
per velocity only ranges from218 to 370
psi/ips. |If the fixed end stress coeffi-
cients are used (275 psi/ips) then this
val ue woul d be within 30 percent for the



Table 2. Summary of Stress Factors and Allowable Velocity

Frequency Streee
Beam Factor Coefﬁ'ci ent
Type A K

1_._"._.' -
22.4 2935

i —
— 15.4 2128
e 9.87 1028
+— 3.52 366

Y
f'f]»a 15.0 1731
1 .
ﬁ% 18.0 2836
'1[:;4 20.4 3600
]

minimum and maximum values. |If the stress
per velocity is equated to the maximum al -
lowable dynamic stress (Sall = 13,000 psi
0-p), then the allowable velocity (Vall)
is obtained from:

_ Sall = 13,000 _ .
Vall = T/ all =75 47.3 ips

Configurational Corrections

In order to apply the criteria to a
real piping system, the stress concentra-
tion factor and other reduction factors
such as correction for concentrated
weights, non-ideal end conditions, changes
in pipe diameters and effect of vibration
mode shape must be taken into considera-
tion.

Sall
(s/v)all C; Cy C3 C4 Cg

Vall

C1 = Correction factor to compensate
for the effect of concentrated

weights along the span of the pipe.

Cy, = Stress Concentration Factor.

C3 = A correction factor accounting for
pipe contents and insulation.

Wr _ Wins, 1/2

= (1.0 + —=
; W
Wg = Weight of pipe contents
per unit length.
W = Weight of pipe per unit
length.

Wins = Weight of pipe insulation
per unit length.

2.1 — Valt
A— ipe, u-p Vall
pailips 13,000 psi SCE=4
215 47.3 11.8
190 44.8 1.2
218 59.6 16.9
218 59.6 149
242 '53.7 1.4
332 9.2 9.8
370 35.1 8.8

C4 = Correction factor for end condition
different from fixed ends and for
configurations different from
straight spans:

Cq4 = 1 for straight spans fixed at
both ends.

0.75 for cantilever and simply
supported beams.

1.35 for equal leg Z-bend.
= 1.2 for equal leg U-bend.

Cg = Correction factor to compensate for
vibration mode shapes other than
the first.

Based upon SwRI experience, a stress
concentration of 4 is appropriate for welds
in branch connection without being overly
conservative. Plots of the correction fac-
tor C; are given in Figure 5. In most
cases the contents and insulation weight is
less than the pipe weight itself so C3 is
generally less than 1.5.

Applying the stress concentration, the
allowable velocity becomes:

_ 13,000

Vall = 555775

=12 ips

This would apply to uninsulated pipe
vibrating at resonance in its fundamental
mode.

If the maximum effect of concentrated
weights (which is approximately 8), pipe
contents, and a safety factor of 2 are
used:

12 .
Vall = m- = 0.5 Ips

)



Higher Mode Vibrations

A tabulation of the stress coefficients
for higher modes and for some straight

| beams with concentrated weights equal to
10 . . . .
the pipe span weight are given in Table 3.

Table 3. Higher Mode Stress Coefficients

A and Deflection/Stress Relation-
< ships for Various Span Config-
g : urations
& [Where: Concentrated Weight (P} = Pipe
&y Weight (w)]

3 L
E T lode  BemTyoe K KA S/ S
8

6 I~ ) . 2927 13 129 275
1
i S e e w15 2 696 483
M

8336 141 222 295

T M 3'_"_5 2125 138 93.5 289
! N_"1f T I 1029 104 7.4 29
o ‘ | ; ) B‘-/—\B‘ 4155 105 111 222
5 10 15 20 25
Ratio of Concentrated Weight to Span Wefght
N 1T T I 1180 207 3.4 434
m 4137 108 110 225

Figure 5. Correction Factor, C31

389 110 11.6 232
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A comparison of these criteria with ones

previously developed is given in Figure 6. PR ™ 2292 105 6844 220
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Figure 6. Allowable Piping Vibration D = Pipe 0.D., inches

Levels with Velocity Criteria



e

= Pipe length, ft.
= Maxi mnumdef |l ection, mils

= Maxi mumvel ocity, ips

= Stress/deflection, psi/mil

= Stress/velocity, psi/ips

<y Mln < <
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