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ABSTRACT ' N ’

‘'GEORGE JOHN ARGYRIOU - o
. L

-

. VIBRATION CONTROL OF PIPING SYSTEMS

4

l,\’é

o

’
[ ° L]

In piping systems, when the frequency of the excitidg force 'is equal to one

¢

bf the natural frequencies of the system, severe pressure head and discharge
: osc_illations develop. In such a case ,'the system is said to be in resonan'ce
and serious damage or complete failure may ensue. Periodic oscillations of
-pressure’ and discharge in fluid systems have been observed by many #investi-
gdtors in the field of fluid 'dtransients. In view of the fact that a fluid
conduit is a continuous system, most of the work done in the analysis of piping
= system resonance phenomena is based on multi-degree-of-frbedom medéls [1,2 3]
However, in many cases the multi-degree-of-freedom apprpoach is not \\Actical
and gimplified methods based on one degree of freedoq models are employed to

f£ind the critical natural frequencies-of piping systems.

A}

1]
. ) ' a -0

In.this paper, an overview of the methods used in industrial applications '

‘ ' to compute piping sysi:em resonant conditions ieipresented. Moreoler,
| several of the more sophisticated analytiqal approaches reported ip the
' 1 and charts for finding the

natural frequencies of different configuratmns are given. The water- :
hamuer phgnomenon and the potential equipment damage associated with its o .
iy occurrence is-also discussed, Pinally, a numerical example is considered, ¢ i
t' \ 111ustrat£n9 the'various frequency calculation methods, the effects of /

rotating machines on elastic foundations and the pressure rise caused by ;
‘ i widter-hammer. ] . v B f

¢ ' . AN
1

| , current literature are reviewed'and formul

1[ ] Bra:ckete indicate the number of referente.
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BRITISH

vdocity of pxopagation (wfva veloclty)
1.D, D‘ pipe '

0.0. of pipe ' A
_0.D, of 2 vefasel or stack

Pipe bore L | v
Modulus of elasticity .
* Impilse force s i

“ Centrifugal force . . ,’/

Maximum Dynamic fofcc?in a spxi).t.xg //'
Porcing or disturbing txw .
Matural frequency ' '
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© Pressurs sise duo to water-hammer
Voment of inertia ' :

u: noment of inertia about the cem:ev
o£ gnvity of a circular section
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of Volume of compression of water™,

" Ratio of elastic modulus of 1iquid and
slastic modulus (f Pips materisl, or bulk
nodulul at the }iquu. ‘Pox wau( 300, ODO.

¢ symor DESCRIPAION . s owies

" a ' Water-hamsér veloci Co ‘tthﬂac{ m/sec.
a mtéf”.,"‘” velocity in concrete pipes. fe./sec, m/sec.
)’L" Water-hammer velocity for cast iron pipes ft./sec. m/sec,
b Tickness of pipe wall ~ N % ‘o,
¢’ Cosfticient of viscous dmpinq ).'t/:‘;-m/“_ N-sec/m .,
C. critical damping = 2af,, ¢ Abg-sec/gy H-sec/m ¥ ( .

/ £t./aec.  m/sec,
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; ft. ‘m

" dn, =

- in, » ~
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. 1b£ ' » hd
lb‘ |
l-bf y

Hy B,

Hy By

H, K (
32,2 £t "“9.8 m
- ‘secZ sec?.

£t n ;
R
1b/in  H/m
- fE - n
' A
in? n? .
‘£t o

1bg/in? . w/m?
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: . L_SNBoL o DESCRIPTION .. UNITS WITS
‘m . mass sWg o b v o
I | J — - R, 0 miy
B T f 1ome B e - W
| % " Normal flow pressurs of fluid . lbg/in?  _: nu/m2
| ‘. a Py . uudmn sllowsble pressure; if no . o . |
i d mmtb»ilqivmﬂmlsrlmt . 1
' be used . = . . bg/ in? 1/n2
] = : © Py . - Fressure anrns?d coused by waterr \
B hammer i » : , be/in?  wm2 |
| Q -+ Flow nto : s _ UsGPM - um-/,,,,,
| q , Density of fluid : CL lbgsetd \ kg/m3
n . . B w Maximum bending stress ,  bg/in? /w2
% 3 8 | Strouhal nusber for pipes - Bj= 0,18 -
t Time g - . #ec, _sec,
tg - Thickness of vessel or stack T im "
- U ¥ind velocity ' ~ ft/mec °  n/sec
v + Plow valocity . . ' ft/sec n/nec
Vo  Acoumulator copacity . _US Gallons  liters
w Welght - b » ;
’ Wy Weight of coviFlng umucum) ot pipe lbg/fr  Wm } d-3
Ve . Wedght of concentrated losd st center .
ve -  of mpan - . lbg' ¥
v o . Weight of pipe L/ Wm .
We . . Total waight of piping. | | ~—
'"g - "p -y Wy o Iog/tt s .
Wy © Waight of water, or fluid ing pipsd, :
o . vhichever 4s hesvier - . . e/t _ W/m
T Wy “mum; pex Lt, of p:.ﬁ;fmmm pipe S
... contents and insulation) G ’lb;ﬂt m
s W Ttotal uoiqht of pipe | - " Mg/t Mmoo
T . Height of unit volume of ium: L . 1bg/ﬂ:’ . Wm3 )
v W, - Mgulsr lroqmm I ml/nm . ved/eer
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CHAPTER 1 ~ INTRODUCTION . .

LV . .
A} ~ . ,

’ . P )

;« ! ’ ~”

ntudied by a great number

Y
(caused by periodically opening and closing a valve situated at-the

Pipo properties are charactaerized respect to the axial coordin-

ate of the system and are MMG%:“I. Pipes ‘Wath

propsrties such as diameter, wall thickness~and v“ehcitfo! water~

hammer wave which remair unchanged with the axial coordinato are satd

to have constant’ characteris&ics... On the other hand, pipes with pro-

perties which vary with length are“uid to have’variasble characteris~

ticse. Pip}nq ayotems used in commarcial refinary networks are typical .

oxamplos of consthskt characteristic piping ii\stallations. *Variable

characteristic systoms are usually found in hydropower plam:s.
g ‘ -

Ranonance phénomena in pipes having constant charactarintias, have been

l, 3 to 10] The litera-.

ture on resonance in pipe systems begins with Allievi's wo ret
published in 1903 [3].

astigators
He analyzed the increase of the pressure head

downstyeam end of a pipeline and having a constant head reservoir at the
. -

Y ' N ,

A few years later Camichel, Eydoux and Gariel togather with Neeser and .

Bgucher [4], undertook oxpori’mentall stydies using lahoratory pipes. ‘

THey discovered that a pipe consisting of several “sections with different

diameters and wall thicknesses exhibited two distinot pericds, , 'L'hon war/'a/

dasignated as the Theoretical and Apparent periods., : !

upstream end,

[}

The et:h "'l'heore;'ical Period" \[5] is .equal to the sum of the periods o! M
the pipﬂ hAV'inq Bﬂctionﬂ sbl, L2' Ls srevvren

* N - -
O= 4. 2 4 4 4B 4 A3 o+ ... ey 4 .

s Shef ity |




P —
~where a,, a,; a, .,.. are the wave velocities in sections 1, 2, 3 ...
L=l +L, + L ...,, 8nd a, an average velocity. The "Apparent
17% " M )
dariod” in\Q« period Torresponding to tﬁ? lowest nat§¥pl frequency
. of the complex pipinq system [3] . (When a pipeline has a nqnifom . /\
diametsr, then the period of the amental pressure variation is the
P

apparent period [5] . -

» iy

b

An:ther result of this work, 4s the observation that harmonics are
related to the theoretical period and that the odd hammonics lead.to
*  resonant conﬁitions, regardless of whether the pipeline has a constant
or yarying diameter o'}: wall thickness,
;o

Using graphical techniques, Bergercn [11] ‘showed that the maximum A
pralgurg head in a single pipeline during resonating conditions was \-\/‘,
‘twice the static head, Schnydér [12] demonstrated graphically the
amplification of the pressure head oscillations on & leaking valve,

y ~
v FW:&] developed axpra:lions for the period of the Sundamental

and the higher odd harmonics of a pipe having variable bharaatariat;os,
with a reservoir of constant head at the 'upatz'leam ej, and a rhythmically
opening 'and closing valve located at the d;mnstraam'end. Papers wriften.
q‘b‘y de Sparre, Foch, Bchnyder, Bergeron, et al, [5] dealt ij.t:h specific
problems related €o resonance, A study by Jaeger [5] resulted in a method "
for caloulating the ‘tuqdmntul frequency in a pipe with non~uniform
diameter. « L : .

L
W re
-t

Despita the ‘proqron made in tha annl.?t,icpl aspects of resonance in
piping SYIEONI, the majority of indu-tr\inl installations continue to

* . be designed on the \baain of a single degres of fresdom system. The
main reason for this is that this app:o_ach appears to.bs adequate in -
practice and vogﬁf,ol@om does it bacome n'ocuniy t.o’ resort to the more

*




" accurate but extremsly cumbersome techniques assbciated with the use .
of more complicated models. In addition, it has been found that it is
more prcdiené to idont%fy and cortcct resonance problems after 1nltall-

d ation throuqh on-site measurements on the actual aystem,rathor than
attempt to eliminate them at the design stage. An eéxperimental technique
frequoﬂtly used to identify resonance condition is the impedance mathod

" and this is discuss%ﬁ in some detail in the next section.

) Y -

~

P /

I.l Impedance method [3] BTN

In gensral, the term impedance is used to describe the ratio of output/

i

" input. For mechanical syatams,'impadanca definés the ratio of the
% velocity response to. the forcing function.“~Becaqu of existing phase

differences 1n'these parametere, impedance is a complex quantity and
~ ' for a parallel one degree of freedom damped system it is given by

Y

M2

[

where

"ZmC+il2M e, m~ K
. [ a® z'iﬁd]

r

?

»

\ ' C = Damping Coefficient s -
f4 = Bxcitation frequency (Hz) ' J
® ’ :
It is apparent from its defipition that impedance varies with frequency
and- reaches a maximum vhen the system is 1n :esonance.

Relonance conditions

v arise at all natural frequencies and for a pipinq systom with a constant
head reservoir it has been shown that these corre:pond to the fundamantal

and 811 odd harmonicl Ei, 1{]@. Y
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Impodance valuu decrease f.o almost.zero in between the zasonanée zones.
These areas are called anu.re:onancu. Thus the behavior of 2 wﬂ:h
rupccé to the excitation frequency is a very useful toolt in the analysiu‘ '
of piping system relonancel ~ because the critical fr’equémiea arising
under operating conditiona are clearly 1dent1£1ed. Such diagrgms can be
oo __obtained analytically [3] , OX expezimentany after the system has been

installed, or from a scale model. Reference [3] gives typical impedance
plots for a series system, a branch system and a parallel piping
system. These diagrm, show the resonances and antiresonances as points-
of high mpedance and low impedance respectively. The impedance method
fot studying resonance or natural frequencies in pressurized piping lystem
. 88 outlined in [3 ],consists ‘of analyzing each harmonic ‘at its own parti-
cular frequefcy, "l'ha :uul@:s are then superimposed.yield the complete
solution. . o - . ’

&

1.2 The Lac Blanc-Lac. Noir Case

¢ 4
)

The importance of avoiding resonances 4wi4thin the 6par;.ting range cannot

be oversmphasized. 'The ramifications of n(eglecting this phenomenon were
111ultratcd An tho Lac Blant-Lac Noir installation. The lafout of thivs
development which is located in Vosges; France, ls. shown in Figure 1.’
It consists.of a facility where a volume of 2,000,000 m3 of water was
drawn from Lac Blanc hy four 40,000hp vertical shaft FPrancis turbinas
" during the day and pumped back again during the, night"‘y threa turbins .
driven pnmplla While the plant was still being tested; a.pipe. section.near
the pumping ﬁtation bu'rlt oa:nung extensive damage -to the installation and
loss of life in the subssquent flcod. - :

~ R .

AN .
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Fig.. 1  The Lac Blanc-Lac Noir pumped storage scheme [5].

[

" fThe rupture of the pipe was attributed to a resonance cauﬁed by a
- guide vane in the pump, vwhich was agsumed to have started vibrating

[5] Initially it was squoc
the fundamental frequency of the pumps. However, aftexr similar

hat the resonance was caused at

accidents ocoured at different power stations, it became ‘apparent ‘
that resonaﬁca c@ditions were excited at the highex odd harmonics.
These resonances were maint:ained thx:ough the mechanism of self exoi{~

“tation. Finally, a detailed impedance study of this installation

[1 14] oor%}md this conclusion and further identified that
chatter of gate valves, air valves, aerodynamic ‘affects=of guide vanes -
and pressure fluctuations 111 the flow hehd as other possible causes of

!'OBOM!ICS .

T . . ' :
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CHAPTER 2 -~ FUNDAMENTALS ‘OF ‘VIBRATION FOR PIPING SYSTEMS

-

2.1 "rerminolgx ‘s

The field of piping vibrations is a specfializéd area of

mechanical vibrations. It deals with the effect lof various exci-
tation forces due to operating machinery, fluid flows, wind, etc.,
on the piping network.. It is concerned primarily with the des'ign
and installaticm of piping sect:ions so-that resonant conditions
are eliminated altogether or’ wherever this is not practical, their
effécts are .minimized to assure that the system funct;i.ons satigfac-y
torily. 'rh; definitions of terms and pagametérs usedg in such
studies can be found in a.ny standard reference on linear iribraéions
[15] However, it would be u.etnl at thia point to review some
of thase terms as they apply to the design of piping system.

o

a)

b)

Porcing frequency

LI

This refers to the frqquency of any external force which / ‘
may be preunt and hence influence the :esponu of the piping -
system. Typ:lcally, such periocdic torces have their origin in

machinery clmntp, f£fluid flow pulsation and act:ion of w:lnd

- gu:ts. All these oompononts possess frequencieu 1n the 5-2000

" Hz range.

4

l'bxced vibi'ation ' IR .

4

A system is eaid to un;lergo forced vibration if it exhibits
a dynami.o re\lponu as a result;. of an imposed dynmlc excitation, ‘
chh excitation might uine from f.he imbalance of rotating machino:,
misalignmont of shafts, defective antitriction beatings, worn gears
.or tha aocalsution of. tociprocating muns. .'

ey




4

In piping systems, forced vibration'may also be oaussd by the

. periodic variation of Eluid pressu:e and the effects of wInds and

pressure fluctuptions.
“ 4 : ’
A common cause of vibration in machines is due to the imbalance
of the rotating parts. If the rotating speed is close or ecﬁial to *
the natural frequency of the s\/t:uctuxs' (foundation, or oonnocted : K

piping) resonance will ocour causing fa.ilure of the piping or other
aomponents. -

Reciprocating comp':essors are another source of 'pressure sxcit.a-
tion at a frequency (cps) equal ‘to the ‘speed (rps) of the compressox v
tin;ss the number of cylinders for simple action and twice the number of
cylinders for double action compressors for each stage. When ‘this fm-
quency is close or equal to the acoustic frequency of the connoot:ad

_piping, vibraf,ion vill occwr in ths piping syestem due to tho aooustio

resonance, which appears in the form of pressure pulsations. vibxation
is then transmitted directly to the foundationf and buildlngs or indir-

" ectly through oonnscting piping systems to vessels and structures.

1f again the nat.ural £frequency of the piping system is equ;,l to-

‘the speed of the rotating machine or equal to the stroke frsq\uncy,

as in the case of reciptocating devioes, 1atge sxglitudes should ke
expectad. is phenomena can be corrooted by various methods such asg.
by balalecin:rof rotors, use o! pulsation mubbsrs, sto. ’

, The act::lon o!.' the wind. is anothex souroe of psriod:lc oxcitation
of expossd- p:lping systems. It is customazy to consider that air
hits the pipe at an angle of 90° to the axie of the pipe. The.fre-
quency of. the piping vibration due to wj.nd effoct oan be found by
the following equation [15] I




FA Rk ATSN TR DTEEL W ST LT

8
T . 4
£ = B.U/Do = 0.18 U/Do . (1’2 ' or
v -1 : ! {
. £ = 226um0 . . . —11%?

) 1Insulat£éﬁ’lﬁ5§ia ‘be considered as part of the outside Aiameter ofl

the pipe. Forces on piping are due to vortex motion around %:hi'cy;.ih-

der and perpendicular to the direction of the wind. When £, is mﬂi .

neightorhcod of a natural frequency of a piping system, resonance will -

occur resulting in large amplitudes of vibration, dapend:lng of course on

the munt of danping available in the system.

Another source of piping vibration is water-hammer. 'ﬂhisa is defined

as the pressure change in a closed conduit. When a liquid flown through .

a pipa there is a certain amount of anergy in the 1iqu§d By restricting ,

the flow of the fluid, as in the case of a valve , the energy of the 4

1liquid is used to conpre_ss the liquid and stretch the pipe, Therefore,

changes in prebsure appear to produce a hammering effect. Mechanical

‘equipment, such as centrifugal pubés or t nes are subjected to wat:er-" v

havmer. Water-hammer is very important a‘::i if~can damage machines and 3
*  piping systems and it will be discussed in more details in a later section.

- M ’ , 3
c) Belf-ekoigd vibration’ S . :
| excited v \ e

. Belf-excited Vibration is self-governed vibration which \g&ins, ﬂ:u"

. ’ ‘energy through M-.s own periodic motions from extarnal forces, In othar"
| vords, the exciti.nq force is a function of the velocity, the 4isplacement

or the acceleration'of the mass of the system. In piping systems self-

\ " excited vibrations are caused as a result of the instabilities of flow,
vortices, surging of compressors, etc. ]

=

PR B

Analysis of self-excited vibration is very 8ifficult and therefore=
it is not uspillf included in the design stage. )If auch’a p):obleu is
suspeo{:od. ':l.t ie ctistomarily *dealt expoz}!:mn y hy carxymg buc . o,
measuxoments on a scale model or on the installed ayu;em itself,.

s

2 (. indicates number of equation in British units.
\} ¢ J~) Lndiaatea numbor o£ aquation 1n BI uni.ts
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‘, 2.2 rlu!‘.d Vibration in a }_gﬂg tubc without friction .
C - :ﬁxid 't:l,,qw.pulsations’ have been identified as one of the ‘

' external energy sources which gontribute to the vibration of piping
: ) nobworks.\ The salient points of the analysis of such vibration will .
be reviewed in this section. FPigure Quhow a conlunt diameter
: o section opéh at both ends, containing & compressible fluid ‘wnd having o
LS - negligible wall friction. $ , ‘ /&z

N

Fig., 2 Pluiq Vibqt_ion in a xigid tube [17, : 18] .

-
-

Imagine a massless - mrm end A moving back and forth

vibrating at a constant ffequency wp radians per unit time.. In thie

_ case, the vibrations are caused by the pulsation of -the’ flow. Po j a

‘. continuous vibration of s disc at the same point A, n sexies of vaves
is generated at constant angulnr frequency wz. At thc other end of-

~the pipe point B, the fluid vibrates and wavu are reflected budcwa:ds

and towax'ds point A, - i ’

2

» n o, o £

o Al

A P, the Ln-:mm.u prouuxd at any uction ot the
‘ tubointoundtobcoquultc [17] '




|
|

|

It thc dowest mguhr frequency LT wo and the lowest natuul

h | t;oqucncy ot the pipe 1- Ty then 9]
- T wy e oW/ T @ 421f
' , ' / : . oy ) -
) , R ’ i 4
£ = /A, -(3), (31,
° ot ’ i
»//J’T, . . ' . ' \.

Thexefors, for a givo; pipe length i. and a given vave velocity
¢, (we oconsider only comptessible fluids), a pipe has a certain
characteristic f,.

/ 4 * When the ;ﬁorcinq or disturbing £iaquoncy £fa is equal to the
’ ‘natural frequency .‘.’5, resonance occurs with lnrqc velocity ampli-
tudes. Whan both ends are opsn, pipe sections with lcngths given
below should be avoided [18] .

L . '_1[_9___ , 3Mo, 5To (4), (ah)
, W m w
i which ooxruponds to the nxin of v;qu '
v-= ad, 32, _s3 l (s, (5%
ol ~
) . .where 3'= wave length ] R

w2 = angular velocity = constant,.
¢ ’ . . i

: . Pinally, if in. t'bi same tubs, point B l,s closed than the lowesf
natural frequency ocours vhen vo L/ cqua:u ’T/ 2 rgdiam or when [17]

] ' , . 1
- — fo s 2 - o (6), 167
~ : 4L L S |

.. v .
. . .

'.t‘hc pressycs of £richion con}puutu tha equations. nomidcubly.
mr most practical appuc.tiom, fluid tricti.on can be ignored with~ -
out incurring ’ significant arror, ‘However, if more amrm rasults are
nqui:pd, u my be: t.hn case zo: m ptptnq :um whno the J.uuqtb i

1B




-y, | i i

. J -~ ’ ﬁ) .
:ntr.tcud by the physical oconstraints of the luyout, then the

L ’ c?puu squations #Moild be used [17] . o
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CHAPTER 3 ~ VIBRATION PMMMIDOWM

¢

vibration mt:ol can be dLv!.M in m parts, vibration
. isolation and vibntton damping, - , ¢ *

T om——

"1, Vibration isolation : : L

-

vibration isolation is deuné\u the reduction of the trans-
mission of vlbntton from a machins to its foundation or supporting
structure, In oucml vtb:gtton isolation is the protsction of .
machinery from vibnggg ghml forces transmitted to the equipment,

The dynanic n\putuda@ undamped single-degres-of~frasiom mass-
spring system subjected to a periodic force Pcostt 'cin be found by

_ the following equation [19] e , \Q |
xs _ FA cos £t S e
Tty -~ i

x = 0,025 (F/K) cos £t i)
B N 7% B |
‘whora ¥ & External foxce mlitudc.'
X Spring constant . y -
Poreing . frequency, rnd/l'cc ’ t \
latuul tuquoncy, nd/nn Lo )

& n-m

fn

The cozt”ponunq force transmissibility aquatl.on is. [15]

roroo trunmuubtuty, Y. = oy '(B), R o
2 . : s
. Y 7 T | : .
v ‘\ - ‘ . . o
. _ S o ;:’ e I

P

v . /The force at the kbuu ot & machine :lbcxb;am a8 tho exciting
froqummy (£ cppzoachu :omant lm)ponoy (fn) and reaches a
winm value vhen f5 = £, Ay shown in Pig, 3 [19] By increasing the'

. torchq troquancy beyond this point: thc f.oroo (ax ﬂilplmmt) C V
Gecreasas up to the valus of #3 » [‘7 3£ the exoiting frequeny ¥ -
luxqox than P:,, ‘ ehn torao (o: M.npllomnt) u un t:hnn thm; aﬂ

'




_the exciting force (of displacemsnt) .

| + ' Therefire, £or an isolator to be o&tsottvc’ in reducing the

transmitted f.om. £‘> r' £, must apply.
=z | | '
[N E | \ \

0

’

901

'01

1w 2 1 Y

' ru"?z r__/FP* and 5;“/5'* Vb td/fn mdupinq {19];

S

mrmnﬁicsibility aap bs defined in usx;u of the forcing _:
)

frequency (fa) and the -w{a deflection (0) bythe following
equation (9) or Pig, 4 [IS] . -

7 >

:o -

T _ ‘ - ,
ks L

.( o

®z 0,025 (277.:5)‘2\ A ' ST
R : R g ! — | :

R ,m above equation is *uppuo'gblo only to cases having
,mpLui motion, For movements in other dir m, the Appxopruu
amlouupn componants must be und m dy 1.vins the corresponding -




.
.
5
. . .
mu—-—m-—m- e e
* r
.

2.

#000, IR -
$000
] - A
™ i -
g N& : ¥ -
: Iz
2,
. ’l;,,,/
'l f
ﬁ,mn il [
g“‘ . 11 j@ A A
W{A / N
! %
W2
' N
! 0 y : \ -
.4 ‘
1) 0 oo 0.9

Buasic defiection, in,
Pig, 4 Btatic deflection vs, Forcing frequency [19] .

.

Vibrat i ¢ _ ' BN

vibration damping is defined as the reduction of the air~borne
noise radiated from a vibrating strugture, In the came of solids,
such as metals, the radiated snexgy is very hig‘h dus to the fact chat
internal damping in metals is low, Therefore, the reduction of the
radiated sound and hence the reduction of vibration, oan be achieved
by Aissipation of the vibxation energy in the form of heat in a damping
devics incorporated in the system, 7The procedure for sslecting the
proper dampar is given in [19] and M: will not be mentioned in this
report, .

. The most desirable solution to a.piping vibration problem is the
isolation or slimination of the sources of vibration. The dasign angineer
must be certain that the f.undmnb/nl natural frequency of the piping
iyl will no bo olose or equal to the foroing frequency, Gas pulnt.ion
mth and an of supports are ths main slements available to the
designer. in old ing resonant conditions, In order to avoid '
resonance, the foroing frequencies and the natural frequencies must ba
known, The forcing frequencies can be found from the chazracteristics of
the mutinq and resiprooating mimne, analywis of the fluid flow
o an lnnmm; of wind gusts, mcbado of anlcuhunq piping natural
frequancies ﬁn gﬁmn Ln«lmmm 3.4, . >




S - _ |

If the fundamental natural frequenocy is at the m’.i‘.q{barhood 'ol.'
. 'a fo:’oirgg freqlency, the designer should attempt to shift the natural
’ fraquencies of the piping system. This can be abcbmpl:llhad by changing °
the spacing of supports and guides, ox, by using elastic supports which
ke . are quite common in refihery piping. The later method requires thermal
expansion cdaloulations; it is very pop\uln:‘nna it will be considered in
) more dstail later. TIf the natural frasquancy of the piping system still
! ' remains olose or aquallto the exnéiting foreca traﬁuan;y, then other means
G for reducing vibrati&n must be conmidered, Theses consist of elastic
. foundations, snubbers a;zd shock absorbers.

~ -

N e
S SN o

P T s
Sy

e

g,
ey A2,

X There is no general analytical way of dealing with vibration - -~
- » problems in piping agstems. Hw;v.r, some typical solutions for simple |
" ‘designs may bs found in [16] » The most important aspects of Vibration
pravention and control, will be out:lincdﬂin the following sections. ’

[
N

\,\: In practice, 'tho‘ majority of mchinéry foundation pads uro‘“not
% - rigid enough to isolate completely ‘the oquipmont from exterrial vibration
m\iruu. The pad acts as an alutic body pouou:l.ng certain -t:i!.’!nnl
. and. dampinq chauctnrinticl as shown in Pig. 5. It .‘.'d (rad/me /a) f- the:
Q\muttnq spesd of the machine then the oom:rituqal foros F* (1b) whioh
: o n,r;inn from the unbalanced rotox mass mclb-q(qo?/ft) act:lnq'ae a radius ]
o S r (ft), is given by .o S

\ 2
N s R
I Y * :
N .
.
'

- 4 A ‘ /W . ! , ) :
P a .0 8 ,‘.,.,.,.........,....-—.. . A
f * oF X 'tfj..d “ i..lj l ) B

 p— ........... t

Ut

.
¥ e o
& ]

* .t !

«Pig. 5 Rotating machinery on elastic foundation [16] '




The corresponding static deflection (S st) of the spring with an

equivalent striffness X (lb/ft) is

¢ «
Sst .| r!!d2 /K . + (11)

¢

and the \mdnmpod naturn]\ fraquonoy ! (rnd/uo) of .the mass L

(lb-secd/ft) is it

- fn - J”mo ' , ‘. (12)
a ‘ " 2
where K = m!nz and Qg = (;.s..) r (-—;d-) ' (13)

\

If the rotating speed is aqual to the ;mdampcd natural !raquofcy,
then the static deflaction and the force F* will be independent of

the nat(ral frequency.’

" ‘ —
. st T (14)

==

With-no damping the maximum dynamic deflection ip

*
1)

S‘m; Slt S (15)
> l!

and the maximum forte in the spring is

Poax = K gmbt ?’,n?'nz Smx o "’dzg't /”(16)

f -(T——-, ‘
By iubi tuting eq. 13 in oq. 15 and uq.‘ 16 we gat
gm = ‘m (‘id"‘ . /N C

Fo 1-(__4)\ C ,an
2%
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The ratio F max/w 8. defined as TRANSMISSIBILITY and it is shown
in Pig., 3. It is apparent from this figure that mfnimizing the deﬂection,
* - ’
(£4/fy) becomes emall and F - tends to F : : _ |

£
1

If we require to reduce to a minimum the &aximum force transmitted to
the foundation through the spring, then (fa/f, ) should be as high{( -
Jpossible, in which case gmx 'tends to S“. !‘urthor, .JXL\< 1 only

when fd
2. It should be noted that the damping et!.'eotn of the f.ounda-

Ty

tion pad have not been considered in this analysis. It t.ho rotating speed
of thc machine im in the neighborhood of thm&graquanay of the uyltem and

the ratio td/f cannot be chnnqad, or if a range of rotational apeodn i I
xequ{ud while resonance must be avoided, then viscous damping (pydrauuo

shook absorbers etc.) must be used as shown by the dotted line in Fig. 5,

The !ou‘wk\g equatioh gives the valua of the ratio Smax/stlt [16] %

-

1

: T AV 2 :
F— =||1~ ---") + (e g -—n-") (),
st fa G fa / .




" Fig. 16 of Appendix C shows a plot of F 2 (tranmiss:lbility) vs.
£4/f, with C/C, as a paramster, From this f:l.guro we can’ obsorve
that for fdlfn.(f-, the maximum force transmitted o the foundation
(P ) is qreutar than the centrifugal force F*, In other words the

. mgnifiaation is greater than unity, whioh is th% range vhere damping

is beneficial. '

[

In Fig. 17 of Appendix C, §t can be seen that dampinq is
always bonbticial. The above aquations and figures are based on a
one degree spring - mass ~ dashpot system. They may also be applied
to more compﬂcagd éystems provided that the effecg:j:\ve inertia and

effective spring constant can be properly estimated, -

3.2 Piping Supports and Guides 0

, R \ .
' Supports and hangers must be designed to meet static and

ojntationai conditions to which the piping system is subjected. Their,
\location is dependent on pipo lizo, plpe configuration, position of

; valves, fittings and the type of ptmature which win‘_\uud to support
the piping. : : i

. p

A ' The primary aspects :lnﬂ:he degign of hangers or supports is the
ioloction of the span ai cf, . This involves consideration of the

pipe weight, magnituda ozgnlulting bending moments and required

) rigidity to assure hh,at no resonance arises 'and that the pipe does not

rupture under statlc londa. In such calculations, each pipe span
, ;.

is considered as a uniformly loaded beam.
4
‘Chart 1 [16} of Appendix B is based on a maximum moment
wi?, and represents a moment equal to W, l wi? for a

~

!
™30




beam having fixed ends, and a moment equal to M = -’-'--——we2 for a beam
having free ends. For pipss having end conditions diftLrant from

“ the above, Table 2 [16] of Appendix A ¢an be used with appropriate 3
.

coxrection f.actora. .

The following formulae give the maximum bending stress (8) and
maximm deflection (S ) ‘for two types of supports: (1) slngle'apan} :
free ends and {2) continuous beam based on the assumption that all
éoncgnt;xated Ioads ‘(valves, etc) are located at the center of the span [20] ‘o

4 . By knowing g the natural frequency (f,) of thq system can be -~
calculated. ’ oo ' '

In British Units

a
>

K. Si_ngla span (9,'7’%"1:1‘23" l.SW);gLs)Do - ZZV!tL‘s + 36“!.'1'33

I . B

-~

Continuous ) (O.SWtLZ ,‘40.75 WelgiDo| 4. 5WtL + 9W£L3

. straight line

\ 2 . L EL oo
or in BI Units ) ' I -
. ' B A'
- single span (W L2, + 1.99WglLg)Do Wbl + 1.64 werd,
' 1,61 x 10751 1.035 x 10~3gT ;
»Continuous (WL, + 1.5 WL )Do W4y + 1,99 W rd, - X
straight line , . spnin - .
- z.p(}l x 10751 | -5.06 x,1072 BI .
, .
o i
e e— !
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. B
3.3 Water~Hammer’ )
, st —————— ‘ @®

ﬂater-hamar occu:s when the vélocity or wp;:alssure ‘fn the contenta
of a closed conduit is auddenly changed. M -the liquid floWs 1n such
a conduit, the ﬂow enexgy. compressea the ﬂ.uid and stretchas the
_confining walla everytime there i.s a sudden restriction to the flow.
Such restrictions or’ £1uctﬁations Tay arise from the .action of valves
or the start up of ‘compressors, p\;mps and pi;her ‘ralated equipment,

N
LR 5
Nt

\U,Waéér—hu;nmgf requires detailed analysis because it cau easily

. glve rise to large stresses which m:\y cilse damage to mechanical
equipment and to structures assocliated with piping. ’

R}

4

A
I

Water-hammer waves travel (theoraticallg) in watér at a apead
equal to 4660 f£ps (1420. 37 m/s) [21] Thé wat:et-hamor wave velocity
in ayatema Jilled with water can be calculated using the following
genaral equationa [_21] PR

¢

Wy
g

vé

515 Wt .

91("1+

Bimilarly £rgm U

: 4720 ' S

Dy
6894Etg

3

The symbols used in the abové table are detlnéd in tha'bgoméqclature.

»




p ‘ Where Kis a constant which takes different values, depending on the
“‘ : material of the pipinq. . ' ‘ .

/Equat:ion (22) can be modified to reflect the usage of stepl pipes, caﬁt

g & T ‘ iron and concrete pipes as follows:
. -

For steel pipes [21] :4 -
™ :

7 & ag = ___4660
(24)

. Dy | ' : 3 L,

1 100b

For cast iron-pipes [2]]

ay - 3290 (25)
- Dy » ) g T

o 51 + Toon

\ and for concrgta pipes [21]

| BN , | .

e B 8y = 1340 (26)
— » - Dy ‘

) ..o, oes + o5 .

Once the water hammer velocity (a) w the pressure rise (H) .
- eat or mtsrl can he calculated uling !ollowing equation [19]

Va ‘ ’ ' "~

. (27) or
32, )

H =

N
[

H = 2.88 x 1073 vd‘ L @

And the time required for the: prnnui'n wave to travel a lnngth -(
(i.e., back to the pump from the’ 'nlve uhara tho watar-hmt phanomanon

,
:
~
R
FM-LM_M ,



was instigated)'can be found by [19]

t w2 (28), (28%)

™y

Finally, the velocity of the pressure wave can be found using
chart 3 of Appendix B [21] . 'Note -that the px.jessuroaﬂse incraases
with increasing flow velocity. Therefore, by cha‘nging t‘:he flow rate, ~
that is, loyering the flow velocity, or increasing the pipe size, water-
hammer velocity (a) decreases, and the corresponding head (H) deéreases.
) Thus, in the d.e;:lgn of a new piping system, a piping diameter giving low
velocities should be selected. Location of\:che fix:st valve after the

digcharge of the pump should be chosen in such a manner, so that, the
. t.’requaqcy of the’ pressure wave (2t per sec.) do not ocour at the
neighborhood , of. the frequency of the pump or compressor.

For an existing piping system where changes to the size of pipes
or relocation of the valves is difficult, other aolutions must be tcund

- In such cases, corrective aption may .consist of (1) installation of .
1 air-relief valves and (2) the introduction of flexible elements ih the
N system, Mr-relief valves are usually employed in laxge pipelines and
they are intended to relieve air and water during & suxge. Typical
flexible elements are accumulabora and shock absorbeu. ‘ empirical
equation for sizing aacumulatorsr s [ae] . *
v, = _0.004g%, (00054~ ) . (29) or
. Py~ Py :
o Vs = _0.000250W, (0,005 £ - ] @b
‘ F

e W v



3.4 SBtructural Natural lfrequenoy Calculations

In order to contxol ind’ identify vibration, the designer must .
know the natural frequencien of the system, Natural frequencies of -
straiqht lengths of piping with various end conditiona can be easily 4
computed [16, a2 & 23] » Bome of the most “common arrangamcnt- are
given below:

m“'

f ’ . _Fora simplo springmss system, Flg., 6 tha natural tzequuncy is
given by the following equation [16] J

]

v * ¢
riq./ 6 Mass-8pring Bystem [16] .

-~

K

-

N A ’__x__. . . (30) or )
LA R - L

©

£ = 3.121/ X - : “(30%)
n T ‘

T T L : «

In p:l.pinq eystems m xepruanto the maes of the section of tho pipe
bstween supports and K is the spring stiffness ot the pipe hangor or
nupport. S .

- By us!.nq the static datlaotion g traquoncy can, also bypu( !.'rom

el . S

-
- -
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’ In the case of a cantilever beam as in Pig. 7

e ’ . .
S s 48 w 2 ) (32) or

: "y |
§ - 2007.27[uf? | (327) i
13 EI : v
anag .o, 906 | EI 230 [E1 = 03 [EX' (33 or
48wl 3 ‘ s W3

= 0,0197 /| EI 0.00283 [ EI

w23 L o (ash

=

¢

R o

e 2"¢ or less , ' .
COMPRESSOR L4

« o

I N
B=—

.¥ig. 7. Cantilever beam with a concentrated weight [1 6] . ‘ \

» , e

~

h\' If the waeight of the pipe :lIl significant (i.e;, large diamater
pipes) then the veight is considered to be uniformly dimtributed as
shown in Pig, 8 and tfze following squation can be used [J.SJ



‘ O T O 0 A s Sosmmse e ARRISTNSPE cr AO » P A G
o .
: Greater than 2" |
. " | COMPRESSOR 5

s Y . ‘e

TSy .
" - - g ‘
Fig. 8. Cantilever beam with distributed weight [16] . T e, -
' P "\\\ '

f = BI B e—— rI (34) or -
el - RS Y s v R
. . 1 :
2 = 0.151,‘/:: . 01510(/51 (34%) S
? valuu of W

y! I and E can be found in Table 1 of Appsndix A,
'I'able 3%1 Appendix A gives values foro( for different typss of lupportn.
- Therefore, for a massless cantilmr bn/ having a conocntutod
- weight, the natural frequency is given by squation (36), while for the
sams heam having similar length bhut distributed load equation (35) holds.

' ‘ ' Table 3 of Appendix A is dalid for distributed loads and thus it is

' applicable to all piping systems neglecting congentratsd loads as valves,
| .

sto, : . . ,& .

Al
~

riquto 9 ghows a c:/nti.lwo: haﬂnq a total weight W uniformly dis-
tributed and a concentrated end load [16] .

Do . ;‘ 1

ke “ ' "] Greater than 2" # | ‘ .

COMPRESSOR : by e

f:x’:‘ ?\
.'%“{'i " p‘ N \
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t 1
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e . . . ' f,v“'w«
. : . . , . ha
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i

&

26
Then ‘ ’ .
gn : = 0-13 BI .
L TV ¢ P
§ L
£, = 0,0196 "

b ~

The natural frequency for the cantilever shown in Fig, 10 can be @d

by the equation below [16]

7

COMPRESOR

L, ‘J.f. ‘__" J
I — v B

—

’ -°0.13‘ ‘
n -—L—j
¥y LYTRAS

2, = 0,0096 [ B e
Verel? R

Q'.[\‘ ’
Wh‘t‘ W !g » ‘ ‘4” ) .

The touowing nqult!.om lumarin the resulis for the fixst: m
" natural fzequency caloulations- [16"]

Pig. 10 Cantilever bsam wi@\i concentrated weight [16] ..




) 27
0.13 (37} or
13 )
£ = 0.0392 .
n= 1l
13 . (37%)
. Simply Supported Beam (pipe baetween two supports) : T
. | i
£, m 0,525 BT . 0.525 (38) or
G we) ] 12 :
» s
i . 7 . ’ ‘
| _ £, = 00792 : BI — = 0'1:11 89 BI (18%) \
| (3 Wed. 4407 . Wy 22
| L
k , Pixed end beam (pipe betwsen rigid anchors) .
| . ———tgl.00 B e 308 [, m L) or
| T (3 wRLd o x,’ sl
| . )
' ’ &
£.m0. 11 g; o.;ss ) S .
- w):.’ A p (39%)
: .8yt i
' ™ . ' I 4
) i . [ " /

~ Por a piping syaten uimu.ar to Fig, 11, having both pipe segments with the
same diameter, material and schidule, ths fundmental.natural !x-quanay in

aqual to [_m] | Sl
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»

The following example w‘iu illustrate the usa of eg, (40), z&

28

o[ BI_ 40) or
w13 v
\ A

{ i 1
=  0,0266 g (40°)
‘ W L3 » .

Vv
w‘
Iy

Fig. 11 Piping. éystem with equal pipe J.a'ngtl‘ma [ ,16] ’

[

Dl ey v D S s RN V. Sy s
B R e S e B M e P

then. ©O(x 1,69 : g

-

(a) "Iy = 3= 1L / :
In augh acase Iy = Ij if 99 © and-bend reduces to two parallel cmti:l.avcr,
th.ﬂ “. . 1'06 . . )

5)fmm ¢han o == 1,69
(N T then ofm V03 . '
7 o : - .« .
- 'S ‘

'mouzm, for bends of equal J.nnqthl. tJu relation betwaeen ) and o ‘ig
s collows [18) . . o




l‘ér unequal lengths of piping having the same material and‘ thickness, "
~ the following Fig, 12[16] can be used, where, depondinq on 6 and the ratio™ o

v,
La/Ly, the value of A can be found., Equation (40) qivu the natural frequency
i » of such a piping aystem with auoopt&bla acouraay.
o " \ .
3
O . .
‘ ) ‘ !
' ’ . } }Y: - \"’hl\ . .
Yooo. . ? h - '
| s ' . - £(CP8) ya o B ° | '
_— W I TR C wid
é \\l‘. N _-” ’ te -
!fv - ’ \.u-......‘...*--""'.' ¥ - .
. ‘ - . -
. * ) % ' \.“-—&d\"‘—‘—. ;"‘ -~ i
~~ y » Y Je” .
’ Mv"‘vﬁ"}"
” . .
108 ‘ ,
¥ E ¥
Fig. 12 Relntionihip between the !uqumay coefficient (Oﬂ lm\ the anqlo
of tm\d-ahunqco [16] . - v ¢
I mnuiy, it is interesting to note another type-of frasquency ccouring on

larga atacks at oarhiﬁwiﬁd ipndu. Thia phenomanon is known as ovalling fre-
quenoy and it don not arise in ordinary piping aystems since ovalling frequencies
are vexy high. "rhara!ora. for a large ateel veasel or -a stack, the natural fra-

quenoy 1- equal to[lﬁ_}..




N _
& \
£ o= 50,000% ‘ \ 441) or

Pa

£, o= 1968804ty ' c ek

Dy . ' -

Considering the cantilever beam of Pig. 13 and

ﬂq. 13 Configuration of bhending tortion [16] .
L S
neglaoting the mass of the pipe the natural frequency can be found by [ 1_6]\ Y
. 3 . ’ N N N ¢ N
T Ip /la 3 ‘ EI), L.‘ (42) or
C Ig \Iy 63, 1
v N ! '
£ 0.0195 B, LY '
n &= T off "' b
3 L
I L EI L ‘
b a b a .
1 + q . ( -—) +3 — WA (‘21’ .
Ia \Iy G Iy o«
~ ) 1 .
whexe ‘w.“ = TVt %, Wp + P . ' .

<N %mé W, are the weights of lengths &, and L.

r

.
[ V\ a . Om
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ILLUSTRATIVE EXAMPLES .

~ 4,1 V&bration‘inalynil of Piping System

'

/

The cpnfigurations of Figs. 14 and 15_are selected to illustrate

" a pomsible practical application of thu\inalysi;\koloxibed prnviouoly._

\‘t‘}

N )
Given: ressor characteristics
N Bingle stage, double acting, steam turbine driven.
Total weight B 10,000 1b
Pressurg:  Inlet. = 500 to 600 psia
> Discharge - 1300 psia
' Temperpture: Inlet = 75%p
) Discharge . 300°F
N .
* I/ R \
foia ' 508 ( R 100% s
Speed 100 k 160 - 220
- Piston d%nplacomont a7 30 42
oiflm'

Required: Natural frequencies o

g{riping system.

12!

-
..zl’__

. 9
"
L T A
. 24"
o , /
F COMPRESSOR-

. ”E/" \

24"

COMPREBBOR

l 5" pipe 8ch 40

G -

s




. Natural frequencies of piping system

-Pipe A-B e .

32

so_l_g' tion .
[ 4 7 .

Moment of inertia m 15,2 in" (Table 1 of Appendix A for 5" pipe BCH 40)

Bl w 152 x 29 x 106 u 441 x 10°1p - ir® 9

Weight of pips = 14.6 lb/ft (Table 1)

-

W= 12 x 14.6 3 175.21b
Lz 12£¢t
Case 1: Fixed ends A and B

o BI . - ) ' :
tn = WLS : : (ag. 34)
Where: OCw= 1.69 P (Table 3) :
Therefors: ) "
4
. 67
!n = 1,69 441 x 10 = 64.5 cps or 3870 cpm. 4 .
. 3 ‘
175.2 ¥ 12 v
If £, <30 cps then £, c‘an be found from Chart ) of App. B
Case a: Bimply -upp’:rted ends at A and B ‘
fn = O( _BI
w3 ’
Where: & 0, 743 ' .
Therefora: ‘
.
6 ' 5
£, = 0.743 [ 441 x 10° = 28,35 ops or 1701 epm (.
| 175.2 x 13° | +

'
® ) "
. -
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Pipe B - ¢ - D (90° bend)- .

‘
s . . s

L w 2+15 = 17 ft .
L, = 15 = 0,882 | -.
o~ -i:l 17 ., ” ¢
W = 17 x 14.6 ‘= 248.21b : L
oK = 1.25 (Fig. 12 for 6 = T/2 ana =k z 0.882).
6 Y
f = 1.25 [ 441 x 100 = 23.77 cps or 1426 opm
B } 248.2 (17) . -
Pipe A - E - F or B - G - H (90° bend)
’ 4
'L = '(14 +4 = 18 ft °

W 18 x 14.6 = 262.8 1b

T /b o= 14/18 = 0,778 v
. [ 3
" oKk = 1.3 (Fig. 12)
{ ‘ "
6
¢ = 1.3 [ 441 x 10 = 22,1 cps or 1326 opm (\ _ <.
n 262.8 x (18)3 . -

E (ox G) Fixed and A - B - C Flexible

; . Flexibility could arise if A-E were very.long and tha diamete?
of the pipe was 10" Jor graater, In such a case the pipe should be
anchored to the ground. Pipe A-E acts as cant‘i.,leve'z with a uniform mass
distribution of 14.6 lb/ft and a concentrated weight at the free end
equals to 313,9 1lb,

W = (1242415 )% 14,6 = 313.9 b
2 , ‘

then I ) ‘ ‘
{ v
fn » 013 / BI (eg. 35) -~
Gl \ .
a . " ~— — e 4
= 013 [ ¢a1 x 106 = 2,7 ops or 162 cpm R

(L iax 100 + 9.9) 14°
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3 34 A
“ . '
- E - F (oxr G - H) to be considered flexible -
: Then . : P
: . 3 N
] £ -z 013 [ _Ep / Vere Iy T {eg. 42)
B : 1+ f!.’.(f&)s + 3fy L
k a\'tp &, I
{4 . v )
"w LW 4 1W +P N .
\ Voee T8 Fpb K
[
: %
= 1. x 4\x 14.6 +1 x8 x 14.6 + 31379 wu-~386.9
4 - T 2
: . 3 7 > . '
fn = 0.13 441 x 10" / 386.9 x (14)° = 1,93 cps or 115.8 cpm
— 14/4Y> 4 3 x 4 . AR
. o 14 14

“Thus, in all cases the natural trequencion of the pipe or bends
are higher or lower than the upeed of the compressor, and the only pon:lbility
for resonance is when the compremsor is running at 1E0 rpm (75% load), and
point: t: {or G) is fixed while A ~B - C are flexible. Therefore, if point
E (or G) is to he fixed then points A - B - C should not be flexible.

s

A l\xmary of the natural fraquoncie- of individual points ars

ahowthe following table.
\

. : - f4 (cpw) £, {(cpm)

: =

A~ B fixed L 64.5 : - 3870

B - B simply supported 28,35 e

= A-E-F (orB -G -H) 90° bend 2.1 1326

E (or G) fixed; A - B - C flexible 2.7 e

E=-F (or'G - H) are considered flexible 1.93 . 115.8

Compressor's speed . 100 xpm -
‘ 460 m ’

220 xpm
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4.2 Effect of Elasticity of Machine Foundation

P

' Prom the compressor characteristics we ses that the lowest rpm
of the compressor is 100,'rpm or 1,67 rps. From eg. 20 or Pig.. 3 it is seen
that in order that P* (parxiodic force on the !ou;xdatiép due to unbalanced
mass) be reduced to a minimum, say 0.2 of the ‘Fmax. (centrifugal force
itself or dynamic force in the gpring), with no presence of damping, the
| ratio of the forcing frequency to natural frequency (of the machine on its
fog\dat:lon = fa / fp) nust bé at least’3 to 1. ‘Fig. 16 shows that ’:l.f .

4

Q

>J then by increasing damping ratio - (C can vary only, Co is deﬁ.nod
u orit:l.oal damping and bnknggn toa part:i.cnlgr system) F* increases rather
than decreasing. By knowing t}m fraquency ratio _f_d_ say 3, and £, = 1,67 cps

.
(100 opm of the rotating machinery), athe fzequencyaof the machine and elastic .
foundation can be found to be equal to : ‘ A
fno® fa . 167 - 0557 cps. . - : |
3 3 ~

Then from eg. 31 the static deflection can be found
N

Swsg 1 =2 2w o2efe N

am? ¢* (6.2 .50 oL

o

This shows thai: auoh‘a soft f.oundation is impractical. Fig. 18 o.‘.’ appundix c
can also be used to get 8 when £, is known. Inokinq at Pig. 5, _g- 1 should

} n .
be avoided a!.nco ruc\nanco will ocour, unl’eu damping is used,

: At 100& load the speed of the compzanor is 220 rpm or 3 67 ryl.
Then, if td » 1 f.ha natural. !roquoncy o! the machine and foundation’ lhoula

tn ' 3 1
be egqual or greatar to
. ’!‘ w 3 x 1?\/3 x 367 - llcpo. ‘ | s /\J
S . N r‘e . ‘ : -
and = 9 : __J? =] 32.2 2 = 0.00674 £t or 0.08 in,-
T 2 t (6.20)° (1) ' |
/ ) L




3(\

N of rotating parts must be reducr.'x_d to a' minimum,

‘ | ) 36 : . % <
. » \-‘ ' '
From this example it can be concluded that for low rpm, elastic
v+ foundations are not practical. Therefore, foundation should be as rigid
as possible (when considering fdr> 3) while at the same time any unbalance

4.3 Resonance Effects due to Eind'Vclocitx

———

. \ ' -
' The frequency of the system due to wind veloocity can be found by ¢
using aq}. 1l '

£ = 016U = 018 _U I 0,432 U

Do 5/12
or
. "\ \ . ;
v = 5% - oam¢
w ;
0.432 . - ¢ :
" Prom the caloulated natural frequencies of indiviﬂuﬁ; points, a ;
. . range of probable tundmnga.l frequencies is chosen out of tha*%}pnighborhood' ‘ hf
of the natural frequencies of the system. L i ‘
Lower natural frequency = 22 cps
_, . Higher'natural frequency = 64 cps « g

»

Therefore, the cérrupondinq wind_vclocitiu are:

-’ A
» [

—

Minimum v
Maximum U

231 x 22 = 50,82 ft/sec or 34,65 miles/hr,

.3
&
= 2,31 x 64 = 147.84 ft/aec oxr 100.79 miles/hxr Swr

Thus, at a range of wird valocity of 35%o 100 miles per hour
,the piping possibly will vibrate but not at a resonant frequency.

~

v

hY
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4.4 Water-Hammer Effects in Liquid Pipelines '
Given: Water at 250 psi . ] | .
10" SCH 40 steel pipe
Qw 3,000 gpm :
: , ‘ . T .
| eoray = 1,000 £t | | o
e e »
Gate valve closes at 5 sec, h
3 j
Required: i
1. Veloocity of the pressure wave
N Eq. 23 qivél )
AN | N } . .
& = 4720 = 4,720 |
N D \ 10.620 - =
A ‘*%;i 1 ¢ 300,000 x 12 5w 3703.4 fps. '
* 30 x 10°% x 0.365 o : .
12 ‘
‘ k4 h ‘
l -

Chart 3 of Appendix B gives a = 3700 fps

wt N\
.h--—-:‘———' aoo. -___‘__*

J :
' - : o :
| 1 ~! REGBRVOIR ‘!
; 1 .
. : ' : A 150" « A
;— . l - . . r—so ” 1 J . . ,\\ +
" ' ><'L . 5 .‘ ) '

iﬁ ‘ Gate .
K Purp Valve . : \

) .
Fig, 15, Piping system with pung and reservoir.
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| 2. Pressure Inc;og& caused by water-hammer

a . leg, an

n
. T
\e\pa o V‘ where

32,2 x 2,31

V o 0.4085 (qpm) = 0.4085 x 3,000 = 12,21 fps ,
(91/12 )2 '(10 020 Xx ‘12) .

12

"%
Py = 3703.4 x 12.2] = 608 pai
"32.2 % .31

g

"nunf.ore, the maximum ,prcquo developed in the p:l.pn is 250 + 608 » 858 p‘li ’
, % ,
To check thc p:Lpo vall th!.okmn for 858 psi the !onowlmq equation
u used [24 :

T | Do R .
b = &Y yc | .
s v . Z(8 =¥y . - " . . y s

vhere, valves for s."? and C nro q!.von in tha code for Prassure N.p!.ng in
the section on Power Piping ‘ ,‘

10,750 x 858' :
: + 0,085 /12 »

b & 13,750 + (0,47 x 858)
. .

.

- 0.007 0.365 v

. In this cane the pru'lu:o build up of €08 pai is below the maximum
valvs :or this pa‘gtiop;ar, pipe,
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! .

3. ‘Water-hmor pressure rise caused by valve closure

.’ \y\ .

The rise of water hammer pressure P, (psi) caused by the closure
of the valve is found by [24] . '

' »
p. = 2 Paé ] 2_x 608 x 1000 = €6 pal
W T 3703.4 % 5
\\ / »

g

The same results can be found by using Char\t 2 of Rppendix B. !’ré’aw
this chart P, is found to be 6)0 psi. Therefore, the maximum pressure in the

. pipe il' 250 + 66 = 36 psi.

L) -

\
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CONCLUSIONS

ko §
The primary objective of thh pap\r is to review and assess
current industrial techniques of conttolling vibration in piping aystems,
The majority of these methods involve the svaluation of resonant f.:oquen‘-
giiu by modelling the piping layouts as linear singlo~degres~of~Lresdom
systems. Based on the one-degree-of-freadom approximation, a series of
tables and charxts in both Britilh and SI unita have been developed to
facilitate the caloulations. Because of the complexity of calculating exact
- natural frequencies and deflections for the actual configurations which are
used in practice, the major effort in industrial vibration control is expen-
' ded in undertaking corrective m{:urn after the installation ia complated,
: At the design stage, consideration is givan only to the known
excitation factors, such as machinexy, foundation cﬁauoto:i’luu. nominal
pipe length and"their interactions with the txpo'ot/ed or known natural
frequencies. r :

. The magnitude of the resonance amplitudes attained is directly -
related to the amount of energy developesd by the exciting cloiunt. Bacause
of inherent damping, a minimum of excitation snergy level is :;oquind to
instigate resonance. The amount of damping available in piping netwoxrks to
suppress resonant wput\xdn is diraectly proportioml to the imtnllod
pipinq lengthe .. : _ , Do e

Another mathod of minimizing resonant amplitudes is direct
reduction of ensrgy levels generated by all ammociated egquipment present
=~ in plp;nq systens, such a: y opexating machinery, aonhrbl in!.vu, guide
. ‘ vanes, vatexr-harmexr and wind effacts. This is accomplished through the

‘ une of dampers,

" In the design of piping systems not only the fundamental frequen~
oy should be considered hut the higher haxwonics as vell, Detailed jml.yhml
studien utilising moxe nl!.abh nodels clnu'ly demonstrate the h.tqh prohaki-
lity of a particular group o! haxmonics wytoh is capable of oxcu:!.m :umnoo
N ¥ conditions. Experience shows that aven the sleventh harmonic possesses
” adequate snexgy to sxcite resonance as reported in the kandergrund tunnel
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accident! [5] and the Lac Blanc - Lac Noir case [5]. The use of charts -

ngﬁ tables contained in the Appendices in the solution of common piping
' /

~ibration problems is further illustrated in meveral examples diacussed—

-

in Section 4.,
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Proporties and Walghts of Pips — Continued
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Proporties and Wolghts of Pipe —~ Continued
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Properties and Weighta of Pipe — Continued
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TABLE 2

Correction Fuctors for Use with Chart 1
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. . APPENDIX B
‘( ) N Chart ]

. | 3
Span vs. Natural Frequency and vs. Deflection
Horizontal Pipe Lines, Uniform Load ,[16
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Formulas: & = 17.10YEl o = a.ns/\f

Key: (1) Oonnect X (or T) with I lonating tuening point (A) at lntomotlnn onl,
g Connest  (A)  with 'w locating turnlug point (B) at intersection on I .
) Conneat  (B)  with { locating & (or fu).

Conneet (B) with 3 (or fu) locating |,

Example: Glvon: B = 80.X 10% pul, I = 2810 in.¢, W= 820 lbm.
Reauls: /u = 0.70 oy/ee0, § = 0.7 in.
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