SLAC-TN-03-040
LCC-0094
July 2002

.\ Linear Collider Collaboration Tech Notes

Turbulence Induced Vibration:
Theory and Application to the Next Linear Collider

Srihari Adiga

Stanford Linear Accelerator Center
Stanford University
Menlo Park, California 94025

Abstract: A sem anal yti cal approach is used to estimate turbul ence-i nduced vibration. The
results are conpared with the nmeasured vibrations for three different cases, a 16-inch
pi pe at the NLCTA, a 10-inch pipe at the SLD and the cool ant pi pes around the copper

structure nodel of the linear collider. The variation of vibrations with respect to
velocity of flowis studied as well.

Work supported by the Department of Energy contract DE-AC03-76SF00515.




TurbulencelnducedVibration: Theoryand
Applicationto the Next LinearCollider

SrihariAdiga

StanfordUniversity, SLAC,
2575SandHill Road,Menlo Park CA 94025, USA

LCC-Note-0094
July 2002

Abstract

A semi-analyticabpproachis usedto estimateturbulence-indued vibration. There-
sultsarecomparedvith the measuredibrationsfor threedifferentcasesa 16-inchpipe at
the NLCTA, a 10-inchpipe at the SLD andthe copperacceleratingstructureof the Next
LinearCollider.

1 Intr oduction

Vibrationsof thecomponentsf theNext LinearCollider needto beminimizedto ensurets best
performance Acousticor mechanicaltesonancesanbe eliminatedor their effectsminimized
by design,however, turbulence-inducedibration cannotbe avoidedentirely. Eventhoughthe
inner surfaceof the coolantpipescanbe extremely smooth,beyond a certainvelocity called
transitionvelocity, the flow will changefrom laminarto turbulent. The Reynolds(Re) number
correspondingo the transitionpoint is anywherebetween2000and 3000. For example,for
roundpipe with diameterD andflow velocity V' the Reynoldsnumberis Re = V D /v wherev
is kinematicviscosityof theliquid. For example for waterat20°C we have v ~ 10~°m?/s(note
thatat 55°C the waterviscosityis alreadytwice lower) andif the pipediameters D = 1 cm,
thenthe flow becometurbulentalreadyabove V' = 0.2 m/s.

Fluctuatingpressuren in the turbulent flow is the driving causeof vibrations. The time
history of fluctuatingpressuran a turbulent flow shavs us thatit is a randomforce. Thus
turbulence-inducedibrationis alsoarandomprocesghatcanonly be dealtwith probabilistic
methods.Insteadof calculatingdetailedtime history of responseshe root meansquareg(rms)
valuesare estimated.lt is not easilyfeasibleto determinethe turbulenceforcing function by
numericaltechniques. The vibrational analysisis basedon a combinationof obsered and
analyticaltechniquesTheforcing functionis measuredn experimentaimodeltestsandusing
this asinput the rms responsesre estimatedbasedon probabilisticmethods. Finite Element
Modelingtechniquesanbe usedto estimateheresponses.

In recentdecadesurbulentflow inducedvibrationsrecevedconsiderablattention primar
ily becausef the needto optimize designof power plantsandreactors.Variousmodelsand
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semi-empiricatechniqueshave beendeveloped. In this note, following the analysismethods
describecanddevelopedby Au-Yang(2001)andotherauthorswe will go throughcalculation
of theturbulenceinducedvibrationsstep-by-stepThegenerafandomprocesgormalismis de-
scribedfirst. Thisis becauséurbulenceis arandomprocess Sincemeasuringhetime history
of turbulenceis tedious we move overto the frequeny domainemploying spectralanalysisof
randomsignals. The acceptancéntegral is definedandthe assumptionsnadeto simplify this
problemarestated We thenshon how thesemethodscanbeappliedfor analysisof experimen-
tal resultsrelevantfor theNext LinearCollider (NLC). Theexamplesstudiedincludemeasuring
vibrationsin the NLCTA 16 inch pipe,a 10-inchpipeatthe SLD andthe coolantpipesaround
thecopperNLC acceleratingtructure.

2 Randomprocess

A randomprocesslescribesan experimentwith outcomedeingfunctionsof a singlecontinu-
ousvariable.(E.g. time)

Let the fluctuatingpressurebe a randomvariablep(t). Theresponsdunctionis arandom
variabley(t) : y; =y(t;) i =1,2,3,...n.

Themeanvalueof y is

1 n
<y>= 1l —E ;
Y 1m)n Yi

(n—o0 -
=1

: —
TheVarianceo; is givenby

n

1
2 _ : L 2
%Y= m 21 (yi— <y >)

Expanding

1. -
oy = lim —(Z(yf)-i— <y>® -2 <y> *Z(yz))
1

(n—o0) M 1

Since2x <y > x> 7 (y;) = 2% < y >% we getfor thevariance

oy =<y’ >-—<y>?

Where< y? > isthemeansquareand< y >2 is thesquareof themeanvalue. Thevariance
is importantin randomvibration analysisbecausen turbulenceinducedyvibration, variation
aboutthe meanvalueis of interestonly. It is reasonabléo assumehat meanvalueis zero
< y >= 0. Hencevariances equalto themeansquarevalue.

n

1
<y’>=op= lim =Y (y— <y>)
1

(n—o0) T
If the meanandthe meansquarevaluesare independenbf the time at which we select
the datapoints,thenthe randomprocesss stationary If eachsetof datapointsis statistically
equialentto ary othersetof datapointsirrespectve of what andwhich time pointswe use,
thenthe processs emodic. If the meanandvariancevary slowly with time thenthe processs
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quasi-stationarpr quasi-egodic. In all the calculationghatfollow, the procesdss assumedo
be quasi-stationary

Whenthetime stepsareinfinitesimal,y becomes continuoudunctionof thetime variable
t. Themeanandvarianceof therandomvariabley arethengivenby

<y>= _Z yf(y)dy

o0

o2 = [ (yi— <y >)f(y)dy

—0o0

Where f(y) is commonlyknown asthe probability densityfunction. Clearly f(y) > 0 for
ary y asthe probability of aneventoccurringis alwayspositive. We alsonotethat [ _f(y) dy
= 1, asthesumof all probabilitiesshouldbe equalto one.

Oneof thesolutionsfor f(y) satisfyingtheabove constraintss

e—((y—<y>)?/(2x03))
V2mag

This functionis calledthe Gaussiardistribution function. It is interestingto notethatthe sum

of statisticallyindependentandomvariablesfollows the Gaussiardistribution. Thisis essen-
tially the CentralLimit Theorem. Thusthe rms responseshatwe arelooking at is given by

(consideringhe factthatthe meanvalueof vibrationis zero)

fly) =

ol = :}O yi f(y)dy

wheref(y) is definedabove.

Both the randompressurealistributionsaswell asthe distribution of the randomresponse
functionof thestructurefollowsthenormaldistribution. Thusthemeansquarepressureandthe
vibrationamplitudesaregivenby

<p’>= _ofo p’f(p)dp

<y’ >= _Z y? fy)dy

with f(y) andf(p) beingthe Gaussiartistribution.

2.1 The useof Fourier transform and the Parseval theorem

Theturbulence-inducedibrationcannoteinterpretedn thetime domainandhenceonemoves
overto thefrequeng domain.Thisis donethroughthe Fouriertransform.If y(t) is theresponse
functionthe Fouriertransformis

o 3 T ‘
Y(w)= [ y@)e?™dt or Y(w)= lim [ y(t)e ™ dt
-0 (T—)OO) -T
Corversely
1 oo ,
= Y Jjwt
y(t) =5 | V(e
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To estimatey?(t) we usethe Parseval Theorem

1 o
2 T L "
<y (t) >= (Th_{rolo) 5T 7£o Y(w)Y*(w) dw/(27)
which is easyto prove taking into accountthat the integral over dw will turn into a delta-
function.
Supposes, (w) is definedasfollows

) 1 .
S/@) = Jim o Y)Y (@)

Thenthemeansquareof y canbewritten as
<y’ >= [ Sy(w)dw

ThequantityS, (w) is thetwo sidedpower spectratlensity(PSD)of y expressedh radians/s.
It is more corvenientto expressthe power spectraldensityin termsof the frequeny f =
w/(2m) anddefineit only for positive valuesof f. Thereforewe candefine:

Gy(w) =28, (w) for w>0

Thus .
< y2 >= OfGy(f)df

whereG,(f) = 47 S, (w) for positive valuesof f.

3 Acceptanceintegral definedand its use

A singledegreeof freedomspringmasssystenis easyto solve. However structuralicomponents
like pipesare of finite spatialextent. An easyway to think aboutthis is to considerthe pipe
asaninfinite numberof springmasssystemsut together However to solve this, we needto
reducehisinfinite degreeof freedomsystemdo afinite discreteseriesof spring-massystems.
This canbe donethroughwhatis known asmodaldecompositionThatis, ary vibrationcanbe
decomposethto combinationof normalmodesandthesecanbe summedup.

We needto calculatetheresponsef pipescarryingturbulentflow of liquids. Theresponses
canbethoughtof asmodeshape&unctionsmultiplied by constantsalledamplitudefunctions.

A valid andreasonabl@pproximatiorto this problemsothatthe problemcanbe simplified
furtheris made. The surfacedensityof the structureis assumedo be uniform, in which case,
themodeshapesreorthogonako eachothet

fum@ynis{ 20§ "7

l

Theusefulnes®f thisassumptions seenater.

For asimplespringmasssystemexcited by aforce, thefourier transformyieldsthe follow-
ing resultY(w) = H(w)*F(w), whereH(w) is thefamiliar transferfunction definedbelow

1
[m(w§ — w?) + 2iCwow]

H(w) =
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wherewy is the naturalfrequeng of the springmasssystem.
Multiplying bothsidesof the equationby the complec conjugates:

Sy(w) = [H(w)[*Sy(w)

In otherwords the power spectraldensity of the responséas equalto the power spectral
densityof theforcing functionmultiplied by the modulussquaref thetransferfunction. This
is a simple equationthat getscomplicatedif the forcing function is a randomfunction. As
mentionecdearlierwe attemptto calculatethe meansquarevalueof the responsensteadof the
time history of response.Moreover in our casewe have a finite spatialextent excited by a
spatially distributed randompressure.We usethe acceptancéntegral methodformulatedby
Pawvell (1958).

Comparehefollowing equationto the springmasssystemdescribedabove

Mo (d2aq(t) /dt) + 2wamnaCa(dan(t)/dt) + kaaa(t) = Pa(t)

wherea is the modeof vibrationandm, = [, ¥ (x) m(z) ¥ (z)dz is the generalizednass,
P, = [4¥a(z) p(z, t)dx isthegeneralizedorce,a, (t) is theamplitudefunction(of vibrations),
¢, is thedampingfactor k, = m,w? andw, is the naturalfrequeny of themodea™.

Fouriertransformingthe above equatiorwe get
An(w) = Hy(w)Py(w)

where A, (w) is the Fourier Transformof a,(t), H is the modaltransferfunctionand P, (w) =
[, P, (x,t)e~7*dt is the Fouriercomponenbf thegeneralizegressure.

Multiplying bothsidesof the equationby the complex conjugatesve get:
Sy(w) = (Ha(w))*Sp(w)

Substitutingfrom the above equationsandfrom Parseval theoremwe getthefollowing ex-
pression:

N

1 ' " ! T ' my _—jw(t’ -t 1 qan "
Sy(x,w) = BaXgHy(w)Hj(w) T {da: /fld.r o (z") _pr(x Yp(z")e 7 =) gt dt (")

S

in thelim7" — oc. Herethe“H” termsarethetransferfunctionsandthe ) termsarethe mode
shapeunctions.

If therandompressuralueto turbulenceis completelyuncorrelatedetweerany two points
thenthe structurewill notvibrate. The only way arandompressureanexcite a structureis if
thereis nonzerocorrelationin theforcing function at differentpoints. The cross-correlatiom
theforcing functionat differentpointson the structureis givenby

) 1 7
Rp(./L',, x”,T) — (,Ill_r)rolo) ﬁ 7‘/.Tp(xl,tl) p(.’I;”,t, + T)dt,
Thefourier transformof the correlationfunctionis

1 o )
Sy, 2" w) = o [ Ry(z', 2", 7)e ™ dr
T —oo

Whenz" = z' we have the autocorrelatiorfunction. The Fouriertransformof the autocor
relationis justthe PSD.



With all thesedefinitions,we rewrite the equatiorfor S, (z,w) as

S,(@,0) = A Sy(w) Tatba(t) Ha(w) Hi(@) () Jaa(w)
+24.5,(0) Saps () Halw) H3(w) ¥5() Jus(w)

whereq, § arecountedonceand A beingthe surfaceof the structure(or the lengthin caseof
one-dimensionadtructure).

HereJ,s3(w) is theacceptancentegral. Whena = 3, thenJ,,, is calledthejoint acceptance,
andwhena # 8 thenJ,g is known asthe cross-acceptancélhe acceptancéntegral canbe
written as

Jup / / Yala) 2T ;") p(a") da da”

The acceptancentegral can be understoodas the measureof the probability that underthe
excitationof theforcing function S, (z', 2, w), astructureoriginally vibratingin the o' mode
will changeo the 5* mode.Thejoint acceptancd,,, canbedefinedasthe probabilitythatthe
structureoriginally vibratingin thea!® modewill remainin thea!* modeundertheexcitationof
theforce. As we seelater, lesserthe probability, lowerthemagnitudeof vibrations.Essentially
it canbe saidthatthe acceptancentegral hassomethingo do with the matchingof the spatial
distribution of theforcing functionandthe modeshape®f the structure.

In the above given equationthe S, (z’, ", w) and S, (2, w) arethe cross-spectratiensity
betweerntwo pointsz’ andz” (which arevectors,in general) andthe power spectraldensityat
z' respectiely. The quantity A in generalcanrepresenthe surfaceof a 2-D structureor the
lengthof a one-dimensionadtructure We considera 1-D structurein our case.Theintegration
is over the entirestructureexposedto the flow excitation. Sofor a 1-D structureJ is adouble
integral.

3.1 Coherencefunction and meansquare response

Thecoherencéunctionis denotedasI'(z', 2", w). It canbewritten as

Sp(z!, 2", w)
Sp(z!,w)

[z, 2", w) =

Basedon appropriateboundaryconditionsI’ — 1 asz’ approaches” andl’ — oo asz’
movesaway from z”, it is assumedhatthe coherencéunctioncanbewritten as

D(z', 2", f) = e~ @211/ M) o= (2im f(a,~a)/Ue)

The above function assumeghat the flow is in the z; direction. The first factorgoverns
the coherenceangeof the forcing function. The largerthe )\, the larger the coherenceange
of the forcing function. If A approachesco, the forcing functionis completelycoherentwith
thelengthof the structure.Thus\ is calledthe correlationlengthof theforcing function. The
secondfactordenoteghe phasedifferenceof the force at pointsz’ andx”. The quantityU., is
commonlycalledthe corvective velocity. It is a measureof how fastthe turbulenteddiesare
carrieddown thestream.

With the coherencdunction expressediy the abore-mentionedormulae,the acceptance
integral can be calculatedby brute force numericaldoubleintegration. For certaincaseshis
integralwastakulated.In thefollowing, we will usethetakulatedform asgivenby Bull (1967)
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for rectangulapanels.The dataaretakulatedin form of plotsof the acceptancentegral versus
the combinationof frequeng, lengthof the panelandcorvective velocity (fL/U.) andon the
boundarylayerthicknessnormalizedo thelengthé* /L.

The meansquareresponseas obtainedby integratingthe responsgower spectraldensity
overtheentirefrequeng range.Thuswe have

Gy(z, f) = AGy(f) Xava(z) Ha(f) Ho(f) Ya() Jaa(f)
+2AG(f) Zazp V(@) Ha(f)Hp(f) ¥p(2) Jas(f)

where
1

(27")2ma((fa2 - f2) + 2 Cafoef)

At this point, we could evaluatethe joint andthe cross-acceptancds/ numericaldouble
integrationat differentfrequeny intervalsandproceedo calculatethe meansquareresponse.
Thiswill accountfor the cross-termandthe off-resonanceontributionsto the responseHow-
everthisapproachs tedious.To make estimation®f theturbulenceinducedvibration,we shall
malke thefollowing simplifying assumptions

Ho(f) =

3.1.1 AssumptionsMade

— The cross-acceptancese small comparedo the joint acceptanceser the transferfunc-
tions H from onemodeto otherdifferentmodesaresmall comparedvith thatfrom one
modeto the samemode. This is trueif dampingis smallandthe normalmodesarewell
separated.

— The forcing function is homogeneousnd isotropic. That is not only power spectral
densityis independenbf z, but alsothe coherencdunction is dependenbnly on the
separatiordistanceor ratherthe axial separatiordistancebetweerary two givenpoints.

— The acceptancéntegral is a slowly varying function of frequeng nearthe naturalfre-
guencies. The meansquareresponsas given by integrating the responsé®?SD over w
from —oo to +oc. If the modaldampingis smallandthe normalmodesarewell sepa-
ratedmostof thecontributionwill comefrom resonanceeakscenteregarouncthenatural
peaks.

Usingtheabove assumptionandsolvingfurther
< y2 >= Y, ASp(wa) 1/}3(96) Jaa(Wa) [ ‘Ha(wa)|2dw
Usingcontourintegrationandcalculusof residuesve cangetthe meansquaraesponses:

<yr>=3,mA Sp(Wa) wi(x) Joa (wa)/(2w2 mi Ca)

This canbewritten as:

EaAG fa ¢§ Jaa fa
<y 5= 2o AGURle) ol
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4 Empirical data used

In orderto estimatequantitatvely theturbulence-inducedibrationscertainempiricaldataneed
to be used. The acceptancéntegral dependson the boundarylayer thicknesswhich in turn
depend®ntheReynoldsnumber TheReynoldsnumberandboundarylayerthicknesgelations
arebasedon empiricaldata,which aredescribedoelon. Dependingon whetherthe flow has
a cavitating sourceor not, the appropriateempirical equationsfor turbulencepower spectral
densityneedto be employedaswell.

4.1 The displacementboundary layer thickness(6*) :
An estimateof theboundarylayerthicknesdor theturbulentflow over aflat plateis

B 0.37x
~ Ré/5

where Re is the Reynolds numberbasedon the distancex from the leadingedgeof the flat
plate Re = pVz/p (Schlichting1979),wherep is the densityof thefluid andy is thedynamic
viscosityof thefluid (» = pv wherev is kinematicviscosity).

5*

In smallpipesandnarrav flow channelsthe boundarylayerfills up the entirecross-section
of theflow channel:

whereDy is thehydraulicdiameter Ry is the hydraulicradius.

In large pipesor flow channelsthe boundarylayerwill eventuallyreacha final valuegiven
by (empirical):
0*=Dg/2(n+1)

Thevalueof n depend®nthe Reynoldsnumberasdescribedelowv in thetable.

Using Navier-Stokes Momentumequationsand boundaryconditionsat radiusr = 0, an
expressiorfor thesheaistresgvaryingwith theradius)canbederived. We alsoassumehatthe
flow is fully developed.Usingthis assumptionthe shearstresss

T/Tw =r/a=(1-y/a)

whereaq is the radiusof the pipe, y is the distancemeasuredway from the pipe wall and
Tw = —a/2 % dp/dzx.

It canbe shavn that, just like laminar flow, the pressureat a fixed cross- sectionis a
constant.lt hasalsobeendemonstratethatit is very difficult to calculatethe velocity profile
of aturbulentflow. Hencewe make useof experimentaldataandempiricalresults.

4.2 The power-law relations

An examinationof measuredelocity profileshasshavn thatthedistribution of velocityin fully
developedturbulentflow canberepresentetty anequationof theform :

u

= (y/a)'/"

umam



whereu,,.; IS thevelocity alongthe axis of the pipeandhencethe meanvelocity U canbe
derivedby

70U = 2 urdr = 2 [ Upas((a — ) /) /"rdr
0 0

Considerthe definition of friction factorr,, = f * 1/2 pU? (wheref is the friction factog
notthefrequeng).
Thefriction velocity is definedby :

Ur = (Tw/p)1/2
Fromdimensionaktonsiderations
U YUr P
— = ¢(*F)
r I

Comparingwith the power law

U n
— = Kl(yu, p/p)"

Thefollowing tableshows the variationof Re, n and K'1

Re n | Kl
< 10° 7 | 8.74
5*10° 8 | 9.71
1.3*10° | 9 | 10.6
3.2*10° | 10| 11.5

Fromtheabove equationst canbe shown that:

friction factorf = K4 x (Re)~2/("*1) whereK4 = 2/K3
K3=(K2"/2)*/(»+1); andK2 = K1*2n? / ((n+1)*(2n+1))
Hencef = 0.079*(Re) '/* whenRe < 10°

4.3 The corvective velocity

Basedon experimentaldataobtainedfrom turbulent flows, the following empirical equation
was derived by Chenand Wambsgans$1970). This helpsmeasurecorvective velocity asa
functionof frequeng.

U,JV = 0.6+ 0.4e 22@/V)

whered* is the boundarylayerthicknessor boundarylayerflow andV thevelocity of flow.
Bull (1967)suggestea slightly differentequation:

Ue/V =0.59 + 0.3 ¢~ 8= 7"/V)

which is usedfor our vibration calculationsto ensurecontinuity, becauseave alsouseBull’'s
empiricalformulasto calculatethe acceptancéntegrals. However both equationsare more or
lessthe samein most practicalcaseswhenthe corvective velocity is about0.6 of the flow
velocity.



4.4 Turbulencerandom pressue power spectral density

Themostimportantfluid mechanicaparametethatcharacterizetheturbulentforcing function
is the power spectraldensity Figure.lreproducedrom Chen(1985), showvs the normalized
PSD as a function of non-dimensionactircular frequeng (w¢é*/V). This setof datais for
boundarylayertypeflow overflat platesor in straightflow channels.

While calculatingthe vibrationsmeasuredn the Excel spreadsheddescribedurther be-
low), a curve fit wasdoneto generatehe following empiricalequation

Log(y) = —2.1672 Log(z) — 4.8544

wherey is (¢,,(w) / p*V3§*) andz is (wd*/V'). Hered* is the displacemenboundarylayer
thicknessas definedpreviously. For small pipesandnarrov flow channelghe displacement
boundarylayerthicknesss the hydraulicradiusitself. This curve fit hasa coeficient of good-
nessof fit (R?) equalto 0.87. This provesthata linear fit is a good one. The coeficient of
goodnesf fit explains how much the varianceof the independenvariabledependson the
dependentariablei.e. thevarianceof Log(y) asexplainedby thevarianceof Log(x).

As pointedout by Chen (1985), the datain Figure.lis unreliablein the low-frequeng
region marked effective range. Chensuggestedhe following empirical formulation for the
low-frequeny PSD:

(Gp(f)/p*V>?Dy) = 0.272 exp(—5/5°%%) ,if S>5

(Gp(f)/p*V?Dy) = 22.75 exp(—5/S%) ,if S<5
whereS = 27 fDg/V.

For industry flows, thereis a differentsetof obsenations. Industrial piping systemsvery
oftencontainelbonsand90-degreeturnsandmayhave valvesinstalledin them. Cavitation may
occurdownstreamof theseelbows andvalves. The turbulent PSDis generallymuch higher
for suchcasesas shavn by Au-Yang (1995)in Figure.2andby Au-YangandJordan(1980)
in Figure.3. In the 1995test, light cavitation was obsered while in the 1980testtherewas
no noticeablecavitation. Basedon thesetwo setsof datathe following two different setsof
empiricalformulationsfor industrialflows weresuggested:

Gl (0.155¢(-3F) 0 < F < 1.0

p2V3Ry —
A)
,,Gvi(’é),, = 0.027¢126F) 1 < F < 5.0
whereF = fRy/V. And
Gp(f) : -2 —4
B) oap = min{20F(~|al/Ru) ™, 1}

orthevaluesascalculatedrom A, whicheveris larger, where|z| is theabsolutevalueof thedis-
tancefrom the cavitating sourcesuchasanelbow or avalve. The case*A” describesndustrial
flow without cavitation andthe case’B” —industrialflow with cavitation.

In the Excelsoftware(describedurtherbelon) theequationsA” areusedfor theindustrial
flow without cavitation andthe curvefit is usedfor non-industrialflow.
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4.5 Other parameters

Other parametersieededfor calculationsinclude the mode shapefunction and the damping
factor

Let's assumehat the pipe is simply supportedwith the given numberof supports. For
example,in the casewhensupportsareat |x| = L/2, thefirst modeshapefunctionis

Y1 =+/2/L sin(nz/L)

themaximumdisplacemenbeing/2/L.

Thedampingfactor(, is assumedo be0.01for all the casesonsideredelown. This could
be a conserative estimate. As the dampingfactoris increasedthe amplitudeof vibrations
comesdown. Specifically the amplitudeof vibrationsis inverselyproportionalto the square
root of thedampingfactor

4.6 Joint acceptances

As mentionedabove, the longitudinaljoint acceptancesan be calculatedoy numericaldou-
ble integration or the tahulated chartscan be used. Bull (1967) suggestectertainempirical
equationdor the streamwise andcross- streamwise coherencdunctions,andby integrating
themwith modeshapdunctionsof simply supporteglatethejoint acceptancefor severalfirst
modesweretalulatedandplotted(Au - Yang200landrefs. therein).

A curwe fit (Figure.4)to the takulated J;; was donehere. Up to very large valuesof
4fL,/U. (namelyfor 4fL,/U. > 20) a value of 0.008wasusedfor J;;. Thisis certainly
just an approximation,sincefor very large valuesof (4fL,/U,), the J;; could be smaller
However assuminga valueof 0.008is a consenrative estimateandincreaseshe magnitudeof
the vibrationscalculated.For smallervaluesof (4fL,/U.), the following curve fit wasused:
Jip = 1.109 % (4f Ly /U,)~"-6515,
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Figure 2: Comparisorof empirical PSDwith measuredlatafor confinedflow (Au-Yangand
Jordan1980,Au-Yang2001)
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Figure3: Comparisorof empiricalPSDwith experimentaldatafor turbulentflow with cavita-
tion (Au-Yang1985,Au-Yang2001)
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Figure 4: Semi-empiricaldata (symbolson the plot) for the acceptancentegral J11 versus
4fL1/Uc (Bull 1967,Au-Yang2001),andthefit to this data(curve).
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5 Experimentally studied examples

5.1 Experiment 1: 10-inch pipe at the SLD pit

This experimentwas performedin the SLD (SLAC Large Detector)pit on a 10” pipe (see
Figure.6).The parametersf the experimentarethefollowing:

Lengthof tube(L) =5.5m
OuterDiameter=0.226m

Densityof water(p,,) = 1000kg/m’

Thicknesqt) = 0.42cm

Lineardensity(of tube+ thatof water)m,: 60.5kg/m
Stainlesssteeldensity= 8000kg/m?

Young's modulus(E) = 240*1@ Pa
Hydraulicdiameter(Dy) = 7 Di? / #Di = 0.22m
Velocity of flow (V) =1 m/s
Reynoldsnumber(Re)~ 2 - 10°
Momentof inertiaof thepipe (1 = Z(Dj,er — Dinper) ) = 1.8 107> m*
Fundamentainodalfrequeny = (7/(2 L?))*(E I/ m;)?°=13.8Hz

Fromtheequation

A D Gy(f1) v (x) Ju(f
<Plz=1/2) >= "2 625&?5%%562& 11 (f1)

we find that y,.,,, = 0.2um at the centerat V= 1m/s. At V= 2m/swe get 1.3um for non-
industrialflow. Notethatthe point wherethe measurementweretakenwascloserto the sup-
port,thatcouldreducethemeasuredalue. Also notethatexactvelocity of flow wasnotknown
andwasestimated.

Themeasurementgave aboutlym, reasonablgloseto predictedconsideredhenumberof
simplificationsandassumptionsnade.Theresonanfrequeng (stepin theintegratedspectrum)
seemo beaboutl.5timeshigherthanpredicted.
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Figure5: Examplel. Integratedspectrunof measuredibrationsof a pipein SLD pit.

Figure6: 10Inch Pipeatthe SLD pit
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5.2 Experiment 2: NLCTA 16Inch Pipe

This experimentwasperformedunderthe NLCTA ona 16-inchpipe,seeFigure.8
Lengthof tube:5.28m (distancebetweersupportsjn practice)
Velocity of Flow: 1 m/s
Diameter= 0.406m
Density= 1000kg/m?
Thickness=0.5cm
Lineardensity(of tube+ thatof water)m;: 173kg/m
Stainlesssteeldensity= 8000kg/m?
Young's modulus= 240*10° Pa
Hydraulicdiameter= 7 Di? /7 Di = 0.4
Momentof inertiaof thepipe (1 = Z(D},1er — Dinper) ) = 1.2-10* m*
Fundamentaiodalfrequeng = (w/(2 L2))*(E I/ m;)%5= 24 Hz

Theestimation

_ AD#Gy(f1) ¥i(x) Ju(f1)

<y*(z=1/2) > 642 3 2 (.

givesonly Y,,s= 0.024m atV= 1m/s.At V= 2m/swe get0.14 um for non-industrialflow.

The measuredibration,asseenbelow in Figure.7,is closeto 3 um, muchhigherthanthe
estimation. For industrialflow we get estimationof vibration magnitudeis about0.09 ym at
1 m/sand8.5 uym at 2 m/swhichis somavhatmorecloseto themeasuredalue.

Amongtheuncertaintiesn this caseweretheassumptiorthatthetubewasrigidly supported
attheends,while in practicethesesupportsveresoft.
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5.3 Experiment 3a: Vibration measurementsfor the coolant pipescarry-
ing water around the copper structure.

Lengthof tube=1.778m

OuterDiameter= 0.025m

Density= 1000kg/nt

Thickness= 0.0085m

Lineardensityof tubem;: 2.493kg/m

Copperstructuredensity= 8230kg/nt

Young's modulus= 120*1Q° Pa

Hydraulicdiameter= 7 Di? / 7Di = 0.0165m

Numberof supports= 5 (=n)

Fundamentaiodalfrequenyg = (nm/(2L2))*(El/ m;)%-5= 217.26Hz

We assumehatthefifth modeis excitedandhencewe getavery high valuefor frequeng.
If this resonantfrequeng is not right (mostlikely it shouldbe smallerthan what hasbeen
calculated) we are underestimatinghe vibrations. However we needJs; andnot J;;. In the
following case we matchthefrequeny with whatis obseredandthevibrationscalculatedare
muchlarger.

However the above parametersirefor onecooling pipe only. We have four coolantpipes
aroundthestructure.Sothetotal vibrationfrom all four pipesis twice thevibrationcontributed
from anindividual pipe. The following graph,Figure.11,is the plot of the vibrationsversus
velocity (Obtainedrom the spreadsheetoftware,Figure.12)

The screenshoti-igure.12above is of the Excel spreadshedhat calculateghe vibrations
for waterflow in the coolantpipes. The vibrationsare calculatedas a function of velocities.
The otherparametershat aid in calculatingvibrationsare also calculated. The displacement
is proportionalto velocity raisedto 2.5836. The vibrationsshouldbe multiplied by a factorof
two to getthenetdisplacemenfasdiscussegreviously). Moreoverthecoeficient of goodness
(R?) is 1 indicatinga perfectfit.
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Figure10: Closerview of the NLC acceleratingtructure
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Figure12: Excelscreenshoof thevibrationcalculations.
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5.4 Experiment 3b: Vibration measurementsfor the coolant pipescarry-

ing water around the copper structur e, with frequencymatchedwith
the resonancdr equency

Lengthof tube=1.778m

OuterDiameter=0.025m

Density= 1000kg/m?

Thickness= 0.0085m

Lineardensityof tubem;: 2.493kg/m
Copperstructuredensity= 8230kg/m?

Young's modulus= 175*10'° GPa

Hydraulicdiameter= 7 Di? / 7Di = 0.0165m

Numberof supports= 2

Fundamentainodalfrequeny = (7/2L%)*(El/ m;)%5=51.85Hz

As we canseeabove the Young's modulusis very high, the numberof supportschanged

to 2, sothatthe resonanfrequeng is matchedwith whatis obsered. In this case,we have

thefollowing spreadshediigure.14with thecalculatedsibrationsFigure.13.Themethodology
is essentiallythe sameas 3a, the only changebeing matchingresonantrequencieswith the
obsenredfrequeng.
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Figure13: Theplot velocity versusvibrations(higherthan3(a))
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Figurel4: ExcelSpreadsheetf calculatedvibrations3(b)
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6 Using The Excel-Visual Basic Software

Userfriendly Excel-Msual Basic software was written. The inputs include the parameters
showvn in the window. The outputsinclude the naturalfrequeng of the pipe, critical veloc-
ity (the velocity at which the pipe buckles)and the vibrationsfor differentvelocitiesoutput
on the screen. An excel macrowas written to run the software from Excel, Figure.15. The
softwareunderlyingthe GUI (GraphicUserInterface)waswritten in Visual Basic. Thethree
experimentsperformedwere discussedreviously. The software takes in default valuesfor
theseexperiments.Otherwisethe experimentspecificvaluescanalsobe usedasinputs. The
softwaregeneratea graphof velocity versusvibrationaswell.

Inputs Outputs
density of fluid | 1000 frequency
density of 000
terial |
e Critical Velocity (m/s)
innerdiameter I LS
Critical Velocity {Ifs)

outerdiameter I 0.4064
length of pipe I 52832 select the pipe and flow characteristics
Young's modulus | 240000000000
N e select the pipe | NCTA 16inch 7]
supports

Industrial flow or | industrial flow =]
maximum velocity | 20 Non-Industrial
attained
damping factor gL

Figure15: EXCEL-VISUAL BASIC SOFTWARE (GUI snapshot)
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7 Conclusion

Vibrationsinducedby cooling flow have beenconsideredn applicationto NLC. It wasshown
thatsemi-analyticamethodsallow estimatingthe amplitudesof turbulenceinducedvibrations.
Predictedvaluesagreewith measurementwithin anorderof magnitudeor better Difference
maybecausedy factorsthatarenottakeninto account.For example for cavitatingregimeit is
essentiato know thedistanceo thecavitating source. Turbulencein thesupplyingpipesshould
also be taken into accountsinceit canincreasepressurdluctuationsin the consideredipe.
Therefore thoughtheoreticalpredictionscanbe usedfor roughestimationsandinvestigations
of dependenciesn parameteraneasuremeni@reessential.
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