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SUMI\4ARY

The effects of internal flow disturbances due to pipe fittíngs

- specÍfically radiused bends,mítred bends, valves and orifice plates -
have been ínvestigated ín considerable detail to determine the character

of the dísturbance due to the pipe fittíngs; to determlne what effects

various geometries of pipe fítting have on the vibrational response of,

and the acoustic radiation from, a pipe carryíng a flowíng fluid; to

investígate the mechanism by whích the pipe is excíÈed as a result of

Ithe flow dísturbances produced by these devices; to establish methods of

estj-matÍng acoustic radíaËíon due to various pípe fíttings; and , to

provide basíc data on which the desígn of pipe work for low noise could

be based.

It has been shown experimentally thaË the varÍous ínternal

flo¡s disturbances generate ínternal sound fields. These range from

nild ínternal sound fields ( due to the radiused bends, the 45o mítred

bend, the gaÈe valve and the orifice plate wíth an orifíce to internal-

pipe radius raËio of 0.90), to intense Ínternal sound fields (due to the

90o míËred bend, the butterfly valve and the orifíce plate wiËh an

orifice to inÈerna1 pípe radius ratío of 0.76) . The power spectral

densíty and the overall mean square pïessure of the wall pressure

fl-uctuat.Íons associated rvÍth Ëhe radÍused bends, the 45o mítred. bend,

the gate valve and the 0.90 radius ratío orifíce plate scale essentiall-y

as the thÍrd and fourth powers of the flow speed respecËívely, for

all St.rouhal numbers, at positions sufficiently far away from the flow

dísturbance, such that a full-y-developed turbulent pipe flow has been

re-esÈablíshed. For the 90o rn-itred bend, the butterfly valve and the

0.76 radius ratio orifíce plate, they scale as the thírd and fourth

povrers of the flow speed for strouhal numbers below the cut off
frequency of the first higher order acoustíc rnode, and as the fifth and
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'sixth pohrers of the flow speed for SÈrouhal numbers above it.

. The experimentally observed Íncreases in pipe wa1l accel-

erat.ion and acousti-c power radíation (over those for sÈraight pipe

flow) are assocíated with the inËernal sound fÍelds generated by the

flow disturbances, and are greatest aË , and aïe essential-1-y confined

to frequencies close to the cuÊ off frequencies of the varíous higher

order modes. ThÍs is because (i) the joint acceptance of sÈructural

and acousÈic modes peak very sharply at r^rave number coíncídence; (ii)

tüave number coincídence occurs at. the resonance frequency of a

structural- mode (exacË coíncidence) or very close t.o it, so that Ëhe

modal receptance ís also at or close to iüs maxímum value at coín-

cídence; and (i.íi) by Ëhe nature of the díspersion ( wave number -
frequency) relations of the acoustíc and structuïal modes, coíncidence

occurs ata frequency very close to the cuË off frequency of the acoustic

mode. Thus, as a result of coÍncidence, Èhe higher order acoustíc modes

select and enhance the vibration of those re-sonant pipe modes which

radÍate rnost efficíently into the external f1uíd.

Longítudínal space-ËÍme correl-ations of the wa11 pressure

fluctuatíons downstream of an internal flor¿ dísturbance, aIlow the

ínternal acoustÍc fie-l-d to be separaËed from the Ëurbulent pressure

field in variotrs fil-ter bands. Because of theír dispersive nature, the

wal1- pressure fluctuatÍons assocíated wíth the hígher order modes have

to be estímated by subtracting the turbulent and plane \4rave components

from Èhe total wall pressure fl-uctuatíons, but, Ín this way, the fiel-d

can be resolved ínËo turbulent, plane wave and hígher order mode

components. Such measurements have been made for the 90o mítred bend.

Procedures have been developed for theoretically estímatÍng

the vibration response of and the acoustíc radiation from cylíndrical

pípes downsLream of the flow disturbances, at posítions r^rhe-re a fulIy-
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n-developed turbulent pipe fLow has been re-establíshed. These

procedures take inÈo account the coincidence phenomenon and the

relative proportions of the various components in the Ëotal- wall

pressure fluctuations in any given frequency band where hígher

order modes are propagational. The agreement between the Ëheoretical

and experimental results is good and in particulãr for Ëhe severe

flow disturbances where Èhe htgher order modes dominate the wall

pressure fíel-d over contributíons from plane vraves and turbulent

pressure fluctuatíons.
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CHAPTER 1

INTRODUCTION

I .1 GENERAL TNTROOUCTTON

There is an increasíng public avrareness of the envíronmental,

psychologícal and physiologLcaL hazards of excessívely high noise

and vibration levels. The advent of industrial noise legíslatíon

and hearing conservatíon regulations in varíous counËries has brought

about a flurry" of activity to bring about quick solutíons. IÍ. a

new plant ís being desígned, and thele is a noise requírement to

be meÈ, or íf an existing plant is giving trouble, with complaints

beíng made by various bodíes, long term economic solutions to the

problem can be- achieved only by obtainíng fundamenËal solutions, as

opposed to trial and error methods. The lat,ter are generally

íneffícient, tíme consuming and ultimately expensive. To date,

adequate soluÈíons are hampered by Èhe lack of a fundamental

understanding of various noíse and vibration sources and paths.

In particular, from the process indusÈríes Èo space shuttle

buíJ-ders Èhere is a keen inËerest in the problem of controlling

the víbration of, and the noise radiation from, pípes or ducts

carrying a flowing fluid. It has long been recognised that pipe

fíttíngs (pipe bends, valves, orifice plates, tee-junctíons, etc.)

can be major noíse sources in píping systems, ín thaË Ëhey may

províde eíther an intense Iocal or distributed flow disturbance which

may excíte the pípe wall, whích in Èurn may radiaËe apprecíable

acoustic energy inLo the surroundings. There is a need for a betËer

understanding of the mechanísms of this energy transfer so Èhat

designers of pipÍng systems can estimate the noíse levels to be
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expected from a partlcular píping geometry and can avoid designs

Iíkely to be excessively noisy.

In a fully-developed turbulent pipe flow through a straight

length of pípe with no flow díscontínuities or pípe fittíngs, the

radiation of sound due to the víbration of the pipe walls is due

to the random fluctuating pt:essures associated Írith Ëhe turbulenE

flow. This random wall pressure field extends over complete

piping lengths and canrtot be removed from the flow: it represents

a minimum excitation level always present r^ríthin the pipe. The
\

situaËion is somewhat more complex when inËernal flow d\urbances

associared with pipe fítrings are present in the system. 
-\t

generate intense inLernal acoustíc pressure flucÈuations which

propagaËe essentíally unattenuated through the piping system. It

ís necessary to determíne the exËent to whích the acoustic \^taves

generated by the flow disturbance and the local effects of the

dísÈurbance itself (e.g. flow separaËion and increased turbulence

levels) contríbuËe Èo the pipe wall excitation and Ëhe external-

acousÈíc radiation. C1early, satj-sfactory mo<lels of the excitation

produced by bends and other pipe fíttings need to be developed.

Previous work in the departmenÈ of Mechanical Engíneering,

at Ëhe University of Adelaide has been directed Ëowards a beËter

undersËanding of the basíc mechanism of the energy transfer from

a fulJ-y-developed turbulenË pipe f1ow. The next obvíous stage

ís Èo apply and extend this understandíng to the more colnmorl

pracËical- case of a pípe containing bends and other flor^r discontín-

uíties. This ínvestigation ís concerned ¡n'ith studying the effects of

flow disturbances due to pípe fittings - specifj-cally bends, valves

and orifice plaLes - in order:

(i) to determine the character of the disturbance due to the

pipe fittings;
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(íi) to determine what effects various geornetríes of pipe

fittings have on the vibrational response of, and

acoustic radiation from, a pipe carrying a fluíd flow;

Èo investigate the mechanísm by ¡¿hich the pipe is

exciËed as a result of the flow disturbances produced

by those devices; and

to provide guidance for pipe work designers on the

acoustic radiation to be expected from varíous pípe

fittíngs, and advíce on desígn of pipe work for 1or¿

noise.

(Íii)

(iv)

1.2 REVTEI;] OF PREVTOUS øORK

In Ëhe main, pipe fittings such as pipe bends, valves and

orífice plates have been recognísed extensively ín the liËerature

as major noise sources. However, little fundamental understanding

of the mechanism by whích the pipe is excítecl as a result of Èhe

flow dísturbances produced by these devices exists. Much of the

líterature on noise due to pípe discontinuities has been based on

emperical sÈudíes of valve noise and ín particular on the measurement

of noise characteristics of the discontinuitíes. There are considerable

díscrepancies betr¿een existing experímental results and theoretical

predícÈions of acousÈic Ëransmission loss from a pipe for the simple

case of a plane acoustic r{ave propagatíng in. a pipe. Rennison (L976)

rectified this and proposed a "lower bound" to the acoustíc povüer

radiatíou from pipes excited by acousËic plane r{aves. However little

work has been aËtempted on predictíng the pipe wall response and Ehe

exÈernal acoustí-c radiation in t-he more conplex situation involvÍng

multi-modal acoustic propagatíon inside a pipe with a fully-develope.d

turbulent pipe fJ ow.

General investigations of the vibrational response of
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structures excited by random pressure envíronments have been based

on idealísed structures such as sËrings, beams, flat plates and

cylinders, T¡tith simple excitations such as progressive acoustic

r,raves and bounclaTy Layet pressure fluctuations. Lyon (1956)

initiated Èhec¡reÈical developments by consídering the response of

a string Ëo excitaËion by dífferent noise fields. In partícular'

he studied the excítation of stríngs to flowing turbulence, and the

response of an Ínfinite stríng to a turbulenË pressure field

convected along íts length v¡as compared r¿ith the resPonse of a

finíte sËring.

Pov¡ell (1958 arb) developed the meÈhod of normal mode

analysis ín rqhích he represented the response of a fínite structule

in terms of iÈs normal modes of vibraÈíon. In thís approach the

boundary conditíons deÈermine the natural modes and generalísed

harmonic analysís is used to determine the response. The Polrer

specÈrum and hence the r.m.s. value of the sPatially averaged

response was deríved; it involves the joint acceptance (a function

expressíng Ëhe effícíency of the excíting forces) betrveen Èhe spaËíal

strucËure of the pressure fietd and Èhe geometly of the modes of

vibration. Powellts techniques have been used extensívely over the

years by numerous ïesearclìeïs; they are also the basís f.ox a statistical

model used ín this ínvestigation Èo predíc¡ the pipe wall response

do\,ünstream of varÍous inteïna1 flow disturbances, the total response

of t-he pípe structure being represenËed by t-he summed response of

íts resonant modes.

Dyer (1959) ínvestigated the response of plates to a

decaying convected r:andom pressure field usíng Powellr s (1958) normal

mode a.nalysis and an analytical approach símilar to that of Lyon (1956) '

He extended Lyonrs treatment of one-dimensíonal trensverse víbrations

of strings Èo the trvo-climensional flexural rribrations of plates' A



5

general solution for the plate vibration in terms of the impulse

response of the plate was derived, together wíth a solution for the

response Èo a decaying convected small scale random pressure field'

Several subsequent experímental studies have been made of

Ëhe staÈistical propertíes of the fluctuatíng wall Pressure field

associated wiÈh a turbulent boundary layer and fuIly-developed

turbulent pipe flow, fot example l^lillmarth and tr{oolridge (1962)'

Corcos (Lg62, 1963), Bakewell- (1964), Bull (1963, 1967) and Cockburn

and Robertson (L974). In general, these indicate that the cToss

spectral density of the rvall pressure field, for both types of florv

can be fairly r+ell represenÈed by corcosrs model. There are

signífícant shortcomings in Èhe Corcos model at lìIavenumbers lower

Èhan the convectíon \¡¡avenumber in ËhaÈ the model overestímates Èhe

measured spectral levels. Rennison (1976) used the Corcos model ín

theoretical- predictíons of t.he pípe wal1 response to a turbulent

boundary J-ayer field and he díscusses the shortcomings ín considerabl-e

detail.

Further comprehensive theoreËical and experímental studies

of the vibration response of panels excited by boundary layer

pressure fíelds have been performed by Maestrello (1965 a, 1965 b'

1967>. lüilby (L967) also investígated the response of panels to

turbulenÈ boundary layer excítation and plane acoustíc \^7aves.

Maestrello reported on the vibratíon response of and the sound po\¡¡er

radiated from panels excitecl by a turbulent boundary layer for varíous

subsonic flow speeds. Panels of different t,hicknesses \¡Iere investigated.

I^Iilby compared hís experimental results with theoretical predictíons

based on simply supportecl mode shapes. He assumed Èhat Lhe structural

vi.brations Trere represenËed by their normal modes of vibratj-on and

that the vibrations \dere clominated by standi-ng ùraves. Maestrello on

the other hand considered both the standing and the runníng l^7ave cases'
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Strawderman and Christman (L972) also investígated turbulence

induced plate vibration. They \^/ere concerned with fluid loading

on fínite and ínfínite plates, partícularly heavy fluid loading

(e. g. waËer), and ifs effects on Èhe turbulence induced víbratíon

sÈatistics. They concluded that while the fluid-loaded plates

exhibit modal behaviour, the fluid-loaded modes are not, in general,

identícal to the natural modes, since the inertíal component of the

fluid-loading is several orders of magnitude greater than the

resistive comPonent.

Rattaya and Junger (L964) used Powellrs normal mode analysis

to ínvestígate Ihe turbulent flow excítation of cylindrical shells'

Arnplification of the pípe wall response by coincidence effects in

plpes conducÈj-ng high speed air or steam flor¿ was examined, and it

was concluded that hydrodynamic coincidence would occur only for

supersonic flovr.

Clinch (1970) also considered simply supported thín cylindrical

shells whích he analysed using Powellrs normal mode and joint acceptance

method. IIe derived an expression for the root mean square displacement

essenËialIy as a function of frequency bandwidth and compared his

theoretícal results with turbulent \,¡ater flow' His measured results

and theoretical predictions show close agÏeement, but are limited

to the response of Èhin-¡^ralled pípes to the turbulenË wall- pressure

field at high mode orders ancl frequencies'

As has been illustrated ín Èhe pr:ecedÍng paragraphs, extensíve

work has been done on the víbration response of and the acoustic

radiation from various structures, due to tttrbulent boundaty Layet

pressure fluctual-ions. There has been no comprehensive assessment

of the varíous paraneters involved e.g. detaíled investígaËíon on

sÈructural dampíng, the dependence of the vibration response and

acoustic radiatiolr on flow speed and experimenEal veríficatÍon of
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theoretically predicted radiation ratios. Rennj-son (L976), undertook

an extensive experímental and theoretical investigation of the

víbrational response of and the acoustic radiaÈion from thin-wa] led

pipes, due tc¡ turbulent boundary layer flow. His work r,ras perforrned

in the department of MechanÍcal Engineering at the University of

Adelaide, and was directed Ëowards a better understanding of the

basic mechanísm of the energy transfer from a fully-developed

turbulence ín the contained flow to the surroundíngs Ëhrough the wall

of a straight pipe. The work reported in this investígation is

índeed an extenrìion of his work. Renníson was primaríly concerned

with two differenË excitations: (i) a random wa11 pressure field

associated with fully-developed turbulent pipe florv, and (ii) acoustic

plane rraves propagating inside the pipe. Many of the gaps and

shortcomings of previous works related to (í) above were made good in

hís work; his procedure for calculating Ëhe dynamic response of a

thin-walled cylindrical shell to the random pressure field generated

by a fully-developed pipe flow is modified in thís investígatic¡n for

a multi-moda1 acoustíc pressure field, superímposed on a fully-developed

turbulenË pipe flow.

Theoretical studies of acoustic plane \^Ia've and multi-mode

transmission in cylindrical pipes with no flow have been rnade by

Cremer (1955), Heckl (1958) and summarísed by Morfey (1971). Cremerrs

approach ís based on ray statisiics and Hecklrs on mode sËatistics,

and equatíons are developed to predict the transmission loss. Botlt

theories are limíted to frequencies below the ríng frequency of the

pipe. For Ëhe acoustic multi-mode sound transmíssion case, it is

assumed that the internal sound field is equally distributed over

Ëhe propagating acoustic mocle-s. Hecklts experime-ntal result-s are

ín reasonable agreement with the theoretical predícÈíons at frequencíes

where the higher order modes could propagate. However, his theoretícal



results do not take into account darnping of the pipe wa11s. Ilis
o--

theoretícal predíctions are based on a forced stiffness - controlled

response i.e. the relevanË pipe responses are forced by the various

internal acoustic pressure dístributíons. Hence no accounË is taken

of the varíous resonant structural modes that rtrould couple to the

higher order acoustic modes propagating inside the pipe. At low

frequencies where the internal sound field compríses pJ-ane acoustic

l{aves, experimentally measured values of transmission loss are some

30 dB less than those predicted. Neíther Cremer nor Heckl investigated;

(a) the modal content of the sËrucÈural response, (b) the assumpÈion

that there r^7as equi-partítion of acoustic energy at frequencies where

hígher order modes could propagate, or (c) the effects of darnping

for both acoustic plane vrave and multi-modal transmission through the

pipe wall.

Renníson (L976) ínvestigated transmíssion losses for acoustic

plane v/aves propagating insíde a pípe (wíth no f l-ow). He concluded

that the resonant response of the pipe determj-ned the acoustic

radíaÈion ínstead of the forced stíffness-controlled response as

postulated by Crerner and HeckI. From his experíments and supporËing

theoretical analysis, the resonant response and the associated acousËic

radiation result primarily from íntrínsic :'-nhomogenetíes in the pípe.

These Í-nhomogenetíes in the pipe structure and end conditions give

rise Ëo couplíng between plane wave excitation and resonant modes of

the pipe; so that the vibrational response rn'ill in general be greaËer

than the forced response wliich would be expect.ed in the ideal case.

From these finclÍngs, Rennison proposed a "lorver bound'r concept to the

ac.oustic radiation from pipes excited by irrternally propagating

acoustic plane waves, based on a peristalLic wave motion in the r.¡all

of a pipe of fínite length. Good agreement is found belr^reen theory
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and experiment, for pipes of high material dampíng. The resonant

contributíon to the pípe wall- vibrational lresponse and the acoustic

radiation increases as the material clanping decreases, and the lower

bound underestimates both the response and the radiation by up to

30 dB.

Kuhn (L974), and Kuhn and Morfey (L976 a) also investigated

the transmissíon loss of sound through pipe walls. They werê prímarily

concerned rr¡ith low frequency sound i.e. frequencies at rvhich only

plane acoustic l¡aves could propagate. They also recognised that Èhe

transmitted sound po\¡rer as measured by Heckl \üâs up to 30 dB higher

than would be estimated from his model. They accounted for Èhís

increased sound po\¡/er by pipe bendÍng r^raves. By careful ísolation

(de-coupling the mechanical and acoustical effects of the near field

of the speaker source from the test-pipe) they suppressed the bending

r¡raves and achieved reductions of 20 dB. However as pointed out by

Rennison (L976) they did noÈ state wheËher Èhe SPL in the far field

of the source v¡as maintained constant and no actual neasuremenEs \¡¡ere

made of the effects on the measured pipe transmission loss of de-coupling

the source near field from the test pipe. Their ínclusion of a 90o

mitrecl bend (i.,ríth no flow) r^ras found to cause significant increases

in V¡ ocÈave radíated sound por¡¡er. Forced response predicted values

\^rere exceedecl by up to 20 dB even with the source decoupled. They

concluded Lhat the mitred bend caused sígnífícant bending wave

excitation r¿hen plane r/aves are íncicle-nË on the l¡end (spealcer generated

plane waves). üIhile bending vraves may indeed account for some

proportíon of the cliscrepancíes, even for their straight pípe (and

source decoupled) case, there are discrepancies of up to 12 dB at low

freqeuncy values between theory and experíment. Kuhn (L974) concluded

that the non-propagating (1,0) hígl'rer order mode was responsible for

those <liscrepancies. IIo attempt was made in the calculation of the
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Ëransmission loss or in the explanation of the discrepancies to take
-a,-

account of the possible coupling of the acoustic modes to the

resonanË vibrational modes of the pipe.

The literature revie!ü up to thÍs point has been confined Ëo

(a) Ëhe excitation of structures by random pressure fíelds (urainly

turbulent pïessure fluctuations), and (b) the acoustic excíËatíon of

cylindrical shells for the no fl-ow situation. Kuhn and Morfey (L976 b)

investigated Ëhe noise due to fully-developed turbulent fl-ow exhausting

from sËraight and bent pipes. They were concerned ín this case wíth

the velocity dependence of the acoustic por¡Ier radiaÈing from the exit

region of a circular pipe aÈ subsonic speeds. The 90o mitred bend

they used generated high intensity internal plane rlaves and Èhe acoustic

power radiated from the pipe exit was found to grovl approxj-mately as

¡6 (where U is the flow velocity aË the pipe exít). They a1-so

concluded thaÈ the mitred bend could generaÈe not only locally

fluctuating aerodynamíc forces (which force the pípe ínto bending

modes) but also dístributed ancl propagating acoustic pressures' No

attempÈ ¡vas made to decouple the bend from the test sectíon to

ínvestigate the effects of the bending modes downstream' or to

ínvestigate the effects of the propagating acoust.ic r¡laves generated

by the bend on the pipe wall response.

Numerous authors have reporteci that control valves are the

primary source of noise in pipe flow systems and in particular ín high

pressure gas and steam Sys¡ems. As a result, much of the literature

on noise due to pipe discontinuities has been lirníted to empirícal-

studies of valve noise. Seebold (1971) presented fíeld data for a

fuel gas piping syste-m. Ile reports that measured noíse levels were

significantly hígher than those obtained by available predíction

methods; but no mention whatsoever is gíven of which specific prediction
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method \{as used although he reviews several empirícal noise prediction
G---

schemes. He atËribuËes the dífferences to the coincidence of like

pipe and gas modes although no atËempt is rnade to theoretically

justífy his conclusion.

Boger (1971) discusses several proeedures for reducÍng

valve noise but does not at¡empt to develop a fundamental understanding

of the source of the problem. His paper includes discussion of the

possibility of; (a) increasing the pipe wall thickness' (b) usíng

acoustj-cal insulation downsËream of the device, (c) using do\'rnstream

in-line silencers, and (d) using expansion plates downstream of the

valve to absorb some of the pressure reducÈion over the whole system'

Allen (1971) also discusses the predicËíon and abaËenent'

of control valve noise. He favoured techniques'for predicting valve

noise based on enpiricism and recommended that the noise characterístics

for each valve type and adjacent pipíng configuraËíon be established

by actual test. Hís arguments are based on a view that very líttle'

eíÈher qualitatively or quantitatively, is known concerning the

turbulence l-evel of a bouncled fluid stream. Once again, as ín the

cases of Seebold and Boger, no attemPt was made Ëo develop an

analytical model which accurately describes the mechanísm of noise

generation and propagation in a piping system. A fundamental knowledge

of the coupling of Ëhe energy propagating from Èhe source between the

fluid an<l the pipe wall is important to achieve economical noíse

conÈro1.

!trhite and Sawley (1972) have considered several factors r,vhich

are important in the proper description of Ëhe energy inËeraction

and pr:opagation ín fluid-filled pipíng systems. In particular, they

discuss bending \^zaves ín the pipe and acoustic proPagation ín the

fluíd. The emphasis ín thej.r work ís on attemPting to define the

ways in which acoustical and vibrational energy can proPagaÈe ín
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piping systems, but no work ì/üas actually done on developíng represent-

aÈíve theoretical models of the pipe wall vibratíon and external

acoustíc radiation

Karvelis (1975) reported on an experimental investígation

of the wall pressure fluctuations in píping conËainíng sirnple

control devíces. He was only concerned with the inËernal acoustic

fíeld and does not. report on the pípe wal1 response or the external

acoustíc radiation. His efforts v/ere concenÈrated on orifíce pJ-aËes

and valves; he foun.d that the wal1 pressure fields at downstream

distances greater t-han 10 pípe diameters are completely dominatecf

by the acoustít componenÈ. Strong peaks in the acoustíc wall

pressure field were found at the cut-off frequencies of the varíous

higher order internal acoustíc modes. Karvelis also attempted to

separate the various components of the overall wall pressure

fluctuations using space-tiure cl:oss-correlation techníques. He

succeeded in separating the turbulent and plane \rave components for

low frequencies (frequencies at which only plane \,/aves can propagate).

At higher frequenci.es he r¡as not able to separate the turbulent and

the acoustic components because of the dispersive nature of the higher

order modes. This was a significant shortcomíng of hís work and one

that ís largely overcome ín the present ínvestigation. Karvelisrs wall

pressure spectral data were presenÈed only in a qualítative manner and

no atËempt was made to quantify the results Ín Ëerms of non-dirnensíona1

spectra for comparíson of different internal flow disturba¡ces and

results from other investj-gatÍons.

Bul1 and Norton (L976) also dernonstrated Ëhat various bends,

and in par:ticular, mítred bends generate stLong ínternal acousti.c

fields r¿hich propagate both upstream and downstream avray from the

source. Spectral- ueasurements of the accele-ration ::esponse of and
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the acoustic power radiated from a thin walled test section downstream

of the disËurbance are present,ed. The increases at low frequencies vrere

found to be due to j-nÈernal plane acoustíc \¡/aves, but the more pronounced

íncreases at higher frequencies hTere found to be associated wíth the

higher order internal acoustic modes. Further to theír earlier work,

Bull and Norton (L977 a) established experimentally and analytically

that this enhanced vibratíonal response and external acousÈíc

radiatíon (compared with results for a sÈraíght pipe) is confined to

frequencÍes close to the cut-off frequencies of the various higher

order internal acoustic modes. As wil1. be seen later, this is

because:

(í) the joint acceptance of structural and acousÈic modes

peaks very sharply at coÍncidence;

(íi) coíncidence occurs at a frequency whích is very close

to the cut-off frequency of the acoustic mode; and

(iii) coincidence occurs at the resonance frequency of a

structural mode or very elose to it., so that the modal

receptance is also at or close to its maximum value at

coi-ncidence.

This early work laid the foundations for this Èhesis.

I¡lalter, McDaniel and Reethof (L977, L97B) observed Ëhe same

phenomenon and Èhey demonstrated the role of coincidence in a simílar

manner to Bu1l and Norton. As a result of the shell equations they

used, they were u.nable to obtain analytícal expressions for the

coíncidence frequency. Such expressions were obtained by Bull and

Norton (1977 a) by using approxímate relationships for the resonance

frequencies of a pípe (based on Hecklrs (L962) work on the vibrations

of point driven cylindrical shel1s).

The ínternal characÈeristj-cs of the florv ín the region of a
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cylindrícal 90o mítred bend have been investígated by Tunstall and

o[arvey (1968), They established that the mitred bend produces a

downstream secondary circulatíon which does not conform to the twin-

círculatory flow usually found ín radiused pipe bends. The secondary

flow vras dominated by a single circulation about the axis that

switched at lovr, random frequencies between the clockwise and antí-

clockwise states. They explained the phenomenon in terms of the

asyrilnetry of the inner wa1-l separaÈion bubble leadíng to íts oscillation

ín sympathy wiËh Èhe swiËching of direction of the spiral flow.

Heskestad (r971) measured the mean flow through a two=

dímensional, constant width, 90o mítred bend and compared the results

wiËh predictíons of free-streamline theories. I'rom Ëhe static pressure

and mean velocíty distribuËion in the viciniÈy of the bend he

determíned the shape and extent of the flow separatíon on the inner

wall.

Fricke and srevenson (1968, 1970) and Fricke (1971) have

reported pressure flucËuaÈíons in separated flows' For their

c.onfiguration they showed that the wall pressure fluctuations beneath

a region of separated flow could be associated r"ríth convected turbulence

in the shear layet, and Ëhat there Ii/as no significant contribution

from acoust.ic r¡/aves. Their pressure cross-correlations showed no

radiation of pressure fluctuatíons uPstream or downsËream from the

reaËtachment position. They assumed that if there were such a

radiation, it would show up in the cross-correlation measuremerìts as

a maximum at delay times equal to E/ao (where E is the spatía1

separaËion and ao is the local speed of sound). They overlooked the

possibilíty of higher order acoustíc modes being present and masking

their resulÈs - since these higher order modes are díspersive no one

delay Èirne can be associated with aDy pa::tícular mode - hence Lheir

conclusíons.
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Mabey (L972) summarised numerous measuremenÈs of wall pressure

fluctuations in separated f1ows. By presenting the spectra in terms

of a frequency parameter based on the separation bubble length he

obtaíned similar spectra for forward facing steps' cavities' leading-

edge separation on wings, sudden enlargements in pipes etc. The

1ocal pïessuïe fluctuaËíons caused by the bubble increase gradually

from Èhe separatíon line, reach a maximum near the reattachment line

and then decrease gradually downstream of the reatËachment line.

In summary, this literature review has concentrated on

(i) reviewing the rnajor investigations into the vibratíonal

ïesponse of sËrucf-ures excited by random Pressure

environmenEs;

(ii) reviewing the rnajor theoretical and experimental studies

of acoustic plane wave and multí-rnode transmission in

cyl-índrical pipes with no flow;

(íÍi) rilemonstrating the lack of research of a fundamental

nature J-nto pipe flow noise assocíated with ínternal flow

disturbances; and

(ív) reviewing some of the investigaËíons ínto the pressure

fluctuation characteristics in a separaÈed region of flow.

I .3 OBJECTI.VES OT THE PRESEAJT TNVESTTCATTON

As illustrated in Ëhe review of prevíous \^Iork ín the lasÈ

section, several important theoreËica1 and experimental studies

relating to the vibration Tesponse of simple structures to boundary

layer pressure fluctuatíons have been carríed out. In these early

r^¡orks, analytíca1 techrriques have been developed for the prediction

of the víbraLion ïesponse. of and the acoustíc radíation from thin

walled cylindrical pipes, excited by an internal fully-developed

turbulent flow. Major Ëheoretical and experimental studies of
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acousÈic plane wave and multi-mode transmission in cylindrical pipes,

with no flor¿ are also avaílab1e.

Pipe fittings in a pipe flow system, produce ínternal flow

disturbances, and are an acousËic source. They generate both a non-

propagating "near fieldil and a progagating ttfar fie1d". The pressure

fluctuatíons associated with the "near field" are attenuated rapidly

with distance ar^ray from the disturbance and the 'rfar fíe1d" comprises

a propagating internal acousËic field superímposed on a fully-developed

turbulent wall pressure field. Vir:tually all the avaí1ab1e literature

on noise due to ínternal flow disturbances has been based on empírÍ-cal

studies of conl-rol valve noise. Some works have been publíshed on

the ínternal acousËic fields generated at, and propagating from these

disturbances, but there has been no atËempt to relate these int.ernal

fluctuating pressure fields (comprisíng turbulenË and acoustic pressure

fluctuations) to the pj-pe wall dynamics. Hence, no comprehensive

Ëheoretical and experimental work is available Èo daËe on the víbratíonal

and acoustic effects of various internal flow disturbances in pipes

with an internal fully-developed turbulent f1ow. The general aims

of this Ínvestigation have been discussed ín sectíon 1.1. These

aims are now defined in somewhat more- detaíl.

The first part of the ínvestígation is a largely experÍmenÈal

study of the effect.s of various ínternal flow dísturbances on the

víbraÈional response of, and the acoustíc radiaËion from, a pipe

carrying a flowing fluid. The particular ínËernal f1o¡t dísturbances

selecËed are 90" radiused bends, a 45o mitred bend, a 90o mítred bend,

a globe valve, a butterfly valve and several orifíce plates. Spectral

measurements of Èhe vibration response of, the acoustic porver radiated

from, and the internal r'al1 pressure fíe1d ín a steel pipe with a

re-established fulJ-y-developed internal turbulent air florv dorvnstream

of índividual internal florv disturbancês ar.e presented. Comparisons
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are made wíth sírnilar data for straíght pipe fully-developed Èurbulent

nf.low which cai be considered as a datum for flow generated piping noíse.

Theoretical explanations for the increased spectral density measurements

(compared with results for a straight pipe) are presented.

The second part of the inve-stigatíon ís an experÍmental

study of the internal flow characËerj-stics upstream and downstream,

in Ëhe immediate vicinity of a 90o mitred bend. The 90" mítred bend

produces an asynmetric flo\^r distrrrbance that is a sËrong generator

of both plane acoustic \,ùaves and higher order modes. Of primary

concern are; (i) the relatíonshíp beËween the pressure fluctuations

in the vicinity of the bend and the characteristics of Ëhe flow

separati.on caused by the bend; and (ii) the relationshíp between

the pressure fluctuations Ín the vicíniËy of the bend and those

downstream of the bend where 1ocal non-propagating disturbances have

become attenuatecl.

The third part of the investígation is concerned with a

detailed study of the mechanisms irr'volved ín the energy transfer from

a pipe dor¡nstream of an ínternal flow disturbance (where local non-

propagating effecËs have been attenuated and the internal pnessure

field comprises an âcoustic plane ¡,¡ave field and an acoustíc higher

order rnode field superimposed on a fully-developed turbulent pressure

field). Space-time longítudínal cross-correlation techniques are

used to separâl-e the three components of the internal pressure field,

and to associate energy levels with each of them. This part of the

investígation is confj.ned to Èhe particular case of the 90o rnitred

bend.

The fourth part of the investigation involves the development

of arralytical techniques for the prediction of acoustíc radiation from

and the vibral-j.on response of pipes clownstream of individual internal

flow dísturbances.
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As is evidenË from the preceding object,ives, this investígation

represents an extensive theoretícal and experimental study into

pipe f1-ow noise associated with ínÈernal flow dísturbances. It is,

as such, the first comprehensive funclamental- study of the effects

of internal flow dísÈurbances on the vibraÈion response of and the

acoustÍc radiatíon from pÍpes with a fuIl-y-developed turbulent flow.

Even so lt cannot be compleËe1-y comprehensive and many mo4e sígnifícant

questions need to be answered. Some of these will be raísed ín the

concl-udíng chapters of this thesis.
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CHAPTER 2

THEORE TICAL CONSIDERATIONS

2.1 INTRÜOUCTTON

Internal disturbances to the flow through a pipe are responsible

for Lhe generation of an intense internal sound field and, compared rvith

undisturbed fully-developed turbulent florv, produce an enhanced

vibratíonal response of Èhe pipe wall and exËernal- acoustíc radiation.

To estimaÈe the vibrational response of the pipe wal[ and Ëhe external

acoustic radiatíon, the nature of the inÈernal aocustíc field has

to be known and ín particular the various components of Ëhe overall

wa11 pressure fluctuations.

Trhe víbration of the pipe wall at any point in a system can

be assocíated with the wall- pressure fluctuaÉíons due to one' some

or all of the following excítations

(i) non-propagaÈing local fluid dynamic and acoustic vrall pressure

fLucËuations, assocíaËed with the internal flow dísturbance.

(ii) fully-developed turbulent pipe flow wall pressure fluctuatíons,

associated with undisturbed "straight pípe" flow'

(íii) the propagatíng internal acoustíc fíeld, associated with

the internal flow disturbance.

Figure 2.1 illustraÈes the above forms of pipe wal1 exciËaÈion for

the partícular case of a 9Oo mitred bend. The víbration of Ëhe pipe

wall caD. also be associated v¡íËh the mechanical transmission of

vibration excited by pipe fittíngs at other points in the pipíng

system.

In this chapter, \{e aïe concerned r'ríth the effects of

various internal flow disturbances on the vibration of and the acoustic

radiation from sections of the piping system at some distance dowrstrearr
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of the dísturbance sufficient for the re-establíshmenÈ of an undisturbed

mean-flow velocity profile (or in símilar conditíons upstream). At

these points, non-propagatíng disturbances due to the fíttings have

dÍed out, and the only excitation that the pipe wall ís subjected to

are those reachíng it by acousËíc or mechanical transmíssion super-

imposed on a turbulent wall pressure field. For the partícular

experimental set up that has been used, disÈurbances due to mechanícal

transmission are neglígible because of the impedance mismatch

between the general pipework and the thín-walled test section in Èhe

anechoic chamber where the measurement.s were made. This is discussed

in detail in Chapter 3.

An ínternal flow disturbance can be considered to be an

acoustic source whích can excÍte a large number of internal acoustic

modes. The propagating internal acoustic field consists of plane

\¡Iaves and higher order modes r¿hich carry a mean energy flow away from

the source. The propagation of internal acoustic modes in a duct is

extensívely treated in the literature (e.g. Morse and Ingard, 1968,

p.467) and ís summarj-sed briefly in this chapter. These acoustíc

modes couple Èo various resonant structural víbratíon modes and

produce enhanced pipe wall vibration and external acoustic power

radíatíon; thís is illustrated in subsequent chapters. This

enhanced pípe wall vÍbratj-on and external acoustíc power radiatíon

Ís most pronounced at frequencíes close to the cuË-off frequencies

of the propagating hígher order ínternal acoustic modes; thÍs is

beeause

(i) the joint acceptance of structural and acoustic modes

peak very sharply at a frequency correspondíng to the

condition of coincídence (defined in section 2.5);

(ii) coíncídence occurs at the resonânce frequency of a
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structural mode (exact coincidence) or very close Èo it'

so that the modal recePtance is also at or close to its

maximum value at coincídence; and

(Íií) by the nature of the dispersion (wavenumber-frequency)

relations of the acoustic and structural modes , coincidence

occurs at a frequency very close to the cut-off frequency

of the acoustíc mode.

Expressíons are developed ín this chapter for the predíction of Ëhe

coincidence frequency for the various internal higher order acoustic

modes. Bu1l and Rennison (L974,a) have developed a procedure for

calculatíng the dynamíc response of a thin-walled cylíndrical shell

to the random pressure field generated by a fully-developed turbulent

pipe flow, and this procedure is modified here to apply to an

acoustic pressure fíeld. For the purposes of analysís, the pipe Ís

modeJ-led as a thin cylindrícal shell with simply supported ends, and

Ëhe calculati-on of the sÈatístical properties of the vibration response

is based on the normal mode method of generalised harmonic analysís,

where the total response of Èhe piPe structure is represented as the

sum of the responses in its resonant strucËural modes.

2.2 IÍ\/TERÑAI ACOUSTTC M(0DES

For a cylinder wiËh radial, angular and axial coordinates

r, 0, and x, the solution to the wave equatÍon for the pressure

associated with acousÈic propagation in a sËationary internal fluíd

has, for propagation in the positive x-dírection, the well known form

(Morse and Ingard, 1968, p.509)

= I I (ono"o"n0* uno"inpö) tn(*not)
pq

P(r,0,x) e

j (k*x - urt)
t 12.Ll
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2
where *2 +k2= =k2 12.21pq x c.

l_

o is the radian frequency, k* is the axial acousËic wavenumber and c.

is the speed of sound in Ëhe internal fluid. The (p,q)th wave or

mode has p plane diametral nodal surfaces and q cylíndrical nodal

surfaces concentrÍc with the cylínder axís and íÈ can pïopagaËe on1_y

at frequencies above íts cut-off frequency (ur.o)nOr rn"r. (r.o)pq = *pq"í

and k = K_-. Now K__ = (u, _) fc, = ¡a,/a, where a. is the ínternalpq Pq co'pq' r pq' Í - -i

pipe radius and the clOO t s are determíned by the boundary condition

J](nc) = O for a rigíd wall, where J is a Bessel function of the firstm'm
kind of order m. tn" onnts for a rígid duct are well documented in

the líteraÈure (Morse and rngard, 1968, p.511). For the first hígher

order mode cxro = 0.5861, which irnplies that sound can propagate ín

a pipe only as plane r/,/aves (p=q=O) íf ka. < 1.84, but as both plane

I¡Iaves and hígher order modes íf ka. >1.84. Expressed ín terms of

the ring frequency of a pipe Ëhe cut-off frequency is

(5

= 
t"o'oo 

= 
*oq"í

hlgher order 'rspinníng" modes (p > 1, q ) 0).

ten rnodes and theír non-dimensíonal cut-off

Í2.31

12.41

(P = g' q > 1) or'as¡rmmetríc

The form of the fírst

(v )
co- üJpq

v2 = (v )2
K c.*(ft)

co

ûJ

pq

r t

r,rhere r, = "Lp/"r, and a, is the mean pipe radius. Hence, equation

IZ.Z) can be rervrítten in non-dímensíonal form as

2

where K = k a ìL-x xm- LP "Lp/.. 
and c" is the external speed of sound.

The internal ac-oustic modes can be classífíed as plane

hraves (p = q = 0) , symmetric higher order mocles

frequencíes for the steel
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test sectíon used, taking "i = "" and \, = 15.4, are íllustratecl in

Figure 2.2. the phase velocity c of an í.nternal acoustic mode in

a duct r¡Iith rigid walls is

c
cp

12.sl
c.Kapq

t4

UJ

and ít ís the velocity at which poínts of constant phase propagate in

the axíal direction. The group velocity ", t"

2

1_ûJ

kx

t'
l

c2.
a^=-s dK"x p

ât¡

K C,DO l_
=l4

üJ

12.61

Í'2.71

c

and iÈ is the velocity of progress of the "center of gravityrr of a

group of waves that differ somewhaË in frequency. It ís always

less than c. for ka-. >L.84. Morfey (L964, 1968) has shown that from
aa

a group velocity or energy transfer viewpoint, the cut-off frequencies

of the higher order modes are reduced by a factor of (L-M?)%,

where M is Èhe mean flow Mach number. Mason (L969) verífied Morfeyrs
o

work experímentally and concluded Ëhat the cut-off frequencÍes

decreased in frequency with increasing flow speed for sound prop-

agation both up and dor,¡n sËream from the source. Hence for ínternal

acoustíc Tilaves propagatíng ín a pipe wíth a mean flow Mo, induced from

a reservoir, as in Ëhis invesÈigation, equation f2,3] becomes

L -MZ
,4

T

o(v ,)co pq r+Ç r"P

c
e

owhere c.
1 [, . t]'Z]%, .ou ". YRT
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Since Morfeyrs resulÈ is for comparíson of cut-off frequencies in

nEv,ro states at the same static temperature and that when, as here,

they are not the same, Èhe addiÈional funcÈion n + Ç Slh
comes into account for the Èemperature difference.

2.3 RES()I\/AA/T STRUCTLIRÁL VTßRATTON MODES

The resonance frequency of the (rnrn)th structural mode of a

pipe with wall thíckness h is given approxinately by

v t2.Bl

Thís ís a nodÍfied form of Hecklrs (7962) result. Here K2 = X? + X2mn'
andK =ka =mna/9,i andK =ka =tì..aretheaxíal andcírcum-m mm m' ' n nm
ferential wavenumber componenËs of the structural rnrave respectívely"

Equation t2.Bl is applicable to a thin cylíndrical shell with siurply

supported ends and its limitations are discussed in Rennison (I976)

and Rennison and Bull (L977). Resonant structural vibratíon frequencíes

can be calculated accurately from the analysis of Arnold and l,larburton

(1953) which is based on thin shell theory, and Èheir experímental

comparisons shor¿ excellent agreement. with exact strain energy theory.

A comparison of Arnold and Inlarburtonrs (1953) resulÈs with equation

12.Bl indicat.es Ëhat the latter produces underestimates of the resonance

structural frequencies by approximateLy 5O7" for 1ow K* values for the

n= 1 and n= 2 mode" (krr"*t u,nrr). For all other values, equation t2.8]

gives a good approximation (Heckl, L962 and Szechenyí, L97I). But,

the modal density, which is the frequency rate of change of modes is

estimated better as frequency j-ncreases (Rennison, I976 and Míl1er and

Hart, L967) and for statistical estimates of the pípe wall response

and hence the acoustÍc radiaËion from a cylindrical pipe this ís

quíÈe acceptable. This is discussed in detail ín Chapter 7 in relation

2_
mn

rr2ra
ß2ra + 'm

ç+
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to a Ëheoïetlcal estimatíon of the pipe wa1l response to several

resonant atructural modes which are coincídent wíth particular higher

order acoustíc modes. Comparisons are also made r¡ith Arnold and

I,larburËonrs (1953) theory.

2.4 THE JOTNT ACCEPÍANCE

The vibrational response of the pipe wall i-n any one of

íts natural modes of vibration, t.o excitatíon by a particular rvall

pressure field, is determined by the joint acceptance fr¡nctíon which

expresses the degree of spatial couplíng that exísts between the

pressure excitation and Ehe structural mode, and by the receptance

of the strucÈural mode. The ïecepËance functíon is the inverse of

the obstrucÈance function, Zo(u), and is well known (see Appendíx B,

equatíon tB.2]). It has a sharp maximum at Èhe resonance frequency

for any given sËructural mode, and Èhe response function is proporÈíonal

to the product of the joínË acceptance and the receptance (see

equation t2.18]). Lrlhen the wal1 pressure exciÈatíon Ís an acoustic-

one, the joint acceptance expresses the de.gree of spatial coupling

between the (mrn)th strucÈural mode and the (p,q)th acoustic mode.

The joint acceptance ís defÍned, generally' as

S

as (g) ü t)t()(

S

dS (r' ) i, 0 (E, t¡) f2.el
mn

r nn p

where the vector r represents a poínt on the internal surface of the pípe,

I = (It -:) (with components { and n ín the axial and circumferential

dírectíon respectively), {inn(I) is the mode shape of the (t,t) th

stïuctuïal mode, and ôO(E,tl) is the closs-spect.ral densíty of the wall

pressuTe f ield rvhere 0O ( 0 
' 
t,r) = 0n .

The cross-spectral density of the rvall pressure field of

the (p,q)th propagating acoustic mode ís given by
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[2. ]-o l

[2.11]

j k"E

where the suffix p is replaced by pq to designate the partícu1-ar

acousËic mode.

The natural modes of víbratíon depend on the end conditíons and

for the purposes of analysis, the structural mode shapes are taken
it

to be those f.or a pipe wiÈh sirnply supported ends, so that

umr (T )
. m?Tx

sr-n J-
sín ny/a-m

cos ny/a-m

where y is a circumferentíal coordinate along the mean pipe surface,

rn is the integer number of half-waves ín Èhe length 1, and n is the

ínËeger number of fuIl-waves around the circumference.

Since, the cross-spectral densíty and the mode shapes can

each be expressed as the product of a function of 6 only and a function

of ¡ only, the joint accepÈance can be expressed as

j2(r)=j2(0).j2(r) , [2.r2]
nnmn nm nfì.

where i2 and 'i2 depend on axial and círcumferentíal Parameters"mm "nn

respectívely. Equations 12.91, [2.10] and 12.111 gÍve, for the joint

acceptance of the (m,n)th structural mode excited by the (prq)tft

acoustíc mode,

j2(r)
2K2(L -cosÂKcosÂK )

=Dmx
Az(Kz - K2 )2mxnm

[2.13]
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={'o}
forn=p

andù --. j2(r) 12.L4l
nn forn#p

where Il = l,/a The maximum value
m

of j21ur; occurswhenK =K,mx-
and this maximum value

mm

except for very low m values (m=1 and m=2),

ís'<.

The joÍnË accepËance functÍon ín the axial directíon (j2(r)),
iltm

is íllustrated in FÍgure 2.3 lor several (ínteger) values of the

mode order rn. From these Figures, ít can be seen that U?^)uuu maxímum

occurs aË K =K^ for m ) 3 and that the secondary peaks are at leastxm
L2 dB less than the prímary peak for m ) 3. All the Figures are plotted

on separate diagrams, each rvith identical scales, to illustrate

the preceding points.

2,5 COINCI.DENCE ANO TTS EFFECTS ()N THE PT?E ü/ALt RESPONSE

Coincidence bet$/een a resonant sÈructural mode and an

ÍnËernal acoustic mode, is the condíËíon in r¡hich the eírcumferentíal

distance along the pipe surface between diametral nodes of the (p,q)th

acoustíc mode is equal to half the wavelength of the (mrn) th sËructural

mode ín the same direction (n = p) , and also ín which the sËructural

and acoustic wavenumber componenËs in the axíal dírection are equal

(f = f-). In the ideal case, the coÍncídence frequency i,¡ould be the-xm'

resonance frequency of the (m,n) th structural mod.e and thís would

then imply matching of phase velocitíes 1v/r* = v/K*). These conditj-ons

could be simultaneously satísfied ín the ídeal case of an ínfíníte

pipe: then structural standíng \,¡aves could occur only in the circum-

ferentÍal direction but K* could vary continuously. This matching

of wavenumbers and frequencies could be Ëermed exact coincÍdence.

Hor+ever, for a finíte pípe of length .1,, only díscrel-e (standíng wave)
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values of K_ are possible, and ín thís case the two conditions cannot
m

in general be simultaneously satísfied. In this case, the acoustic

mode couples most effícíently to the structural rnode(s) closest to

exact coincidence. Thus, this matching of \¡ravenumbers only might be

termed r¿avenumber coincidence. Now only the spatíal coj-ncídence

conditíons can be exactly satisfied - that is circumferential matchíng

and K__ = l( . The joínt acceptance funcÈion peaks sharplyxm
(jl,o = jlr, = ra ar,ð, jårr*r, has j-Ès maxímum value of I'4\ at the

frequency for which the acoustic mode has a longitudinal wavenumber

equal to Ehe structural r¿avenumber of the resonant mode, and Ëhis

frequency is now different from the strucËural resonance frequency.

The receptance function however still has its maximum aÈ the sËructural

resonance frequency. In prínciple thís irnplies two peaks close

together ín the response (see Fígure 2.4,b), but in practice because

the joint acceptance functj-on varíes very much more rapÍdly with

frequency (even for metal pipes where damping ís líght) than the

receptânce function, the peak assocíated with the joint acceptance

Ís dominant (see Figure 2.4,c). There is a narrow frequency band

associated with the primary peak of the joínt acceptance functíon, and

secondary peaks are at least 12 dB less. The modal receptance is

also at íts maximum value (in the case of exact coincidence) or close

to it (in the case of wavenumber coincidence only), but because of

íts less rapíd variation wíth frequency the effecËs of coíncidence are

in general confined essentially to the narrow frequency band assocíated

rtlith the prímary peak of the joínt acceptance functíon. This situatíon

ís schematícally illustrated in Figure 2.4. Because the effects of

coincidence are confined Ëo this narrow frequency band, a sharp peak

ín structural response to excítation by hígher order acoustic modes

is therefore to be expected. This is illustrated in consiclerable

detail in Chapters 4 and 5 and, for nretal pípes in particular
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(\, tt t), coincídence occurs very close to the cut-off frequencies

'of the higher order acoustic modes. Fígures 2.5, 2.6 and 2.7 are

plots of acoustic and structural axial wavenumbers agaínst non-

dimensional frequencies as given by equations 2.4 and 2.8, for several

structural and acousÈic modes. IÈ should be pointed out that Èhe

acoustic modes presenÈed are those for propagation in a stationary

inÈernal fluid in the pipe and Èhat flow would reduce the cuÈ-off

frequency by a faetor of {t - tl?o)'" and hence shíf t the acousÈic

v¡avenumber plots to the left, in relation to Èhe corresponding structural

wavenumber ploËs.

The simultaneous solution of equation [2.4] and [2.8] (see Appendix

A), with, = Uo* = V", n = P, and K* = Kr, yields Ëhe exact coincidence

frequency v" and the corresponding value of K* as in Bull and Norton

(1977 ra). If it is assumed that "i = "., 
an aPproximate solutíon for

low circumferenËial mode order n, and thin pipes, is

vav Í2.L51tc

cox

co zþv:ip

with K K =n v / 1l) 12.16l
m

Values calculated from the preceding approximatíons for several higher

order modes propagating in a cylindrical pipe are presented in Appendix

A and comparísons made wíth values obtained graphically from plots of

equation 12.41 and t2. Bl .

Equation [2.15] is an approximatíon and t;'.e n2/2\)(, t"t*

does not take j.nto account the effects of ß (pipe v¡al1 thickness) and

fhe axial mode order m. An improved approximation of equation [2.15]

was obtained by using Newtonts method of successive approximations

(Bult, 1978), and ís
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12.r7l

[2.18]

c co

[1+ v
c

where ou, = 
"z/zrl,tft,,

and

"o/þ 
. Numerical comparisons

between equaÈion Í2.L5] and 12.I7] for several higher order modes

are presented in Appendix A. For metal pipes, \p t¡' 1r and equaËions

l2.L5l and 12.1-7] then indicate that for low order modes ín such pipes

the exact coíncidence frequency is very close t.o (typícally withín

a few percenÈ of) the cut-off frequency of the acoustic mode. This Ís

borne out by tire plots of the acoustic and. structural resonance

frequencies against axial wavenumber in Figures 2.5 to 2.7.

The calculation of the statístical properties of the vibration

response of the pipe wall is based on the normal mode meÈhod of

generalised harmonic analysis (Powell, 1958), and the Èotal response

of the pipe structure is represented by the sum of the responses ín

its resonant structural modes. The space-averaged spectral densiÈy

of the non-dímensional acceleration response as derived by Bull and

Rennison (L974,a) is

v=v
co

0 (o)
Ç

Õ

& u3^.'ISoa : lo 
(')

I
d

t
(r¡) 12ß2{ra* 2 2

p

['-,*,']
rü)lcr
L'ç+

where Õ (o) ís the non-dimensional porrer spectral densíty of the wallp''
pressure fluctuationsr 0f" i" the ratio of the fluid densiÈy Èothe

density of tl-re pipe material , cx, represents Èhe oth strucÈural mode

where cl = (m,n) and Qo ís the overall modal qualí,ty fact,or. The general

formalism for equation [''.t8] and the corresponding equation for the

non-dímensíonal spectral density of the acoustíc por^zer radíation is
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presented in Appendix B.

. Thus, by means of the phenomenon of coincídence, the higher

order acoustic modes select and enhance the vibration of a number

of resonant structural modes which ín turn radiate most efficiently

into the fluid outside the pipe. With a detaÍled understanding of the

parti.cular hígher order modes that are excíted by various types of

internal florv disÈurbances and the degree to which they contríbute

to the overall exciËation of the pipe wall, suÍtable approximations

to the dynamic response (equaÈion [2.18]) can be made and the pipe

wa1l acceleraËion levels and consequently the acoustic power radíation

levels can be estimaËed. Thís is dealÈ with in detail in several

subsequent chapters.

2 .6 SU^,f^4ARy

A brief theoretical inËroduction to the propagation of internal

acoustic modes iu a cylindr:ical pipe and theír couplíng to partícu1ar

resonant structural vibration modes of the pipe has been presented

ín thís chapter. The pipe wa1l response function is proportional

to the product of the joínt acceptance and the recepËance (see equation

[2.18]) and the behavíour of these functions ís díscussed. An approximate

solution for the esÈimation of the coincidence frequency for thin pipes

for the various hígher order acoustic modes has been obtained. Some

slight rnodificatíon to this is necessary for the effect of flor,r which

recluces the cut-off frequency by a factor of (1 - M,^)4. f'or meÈal pipes,o'

by equatíons [2,L5] ancl 12.L7l, the coÍncidence frequency is very close

to the cut-off frequency of the acoustic mode. Wavenumber diagrarns

have l¡een presented to illustrate this phenomenon. The concepts

presented ín thís chapter are the basis for theoreti-cal estímates of

the pipe r¿a1l- vibration and acoust.íc porver radiatíon which are <líscusse<l

ln subsequent chapters.
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CHAPTER 3

DESCRIPTION OF THE EXPER IMENTAL FACILITIES

3.1 TNTROOUCTTON

rn thís chapter, the varíous internal flow disturbances

ínvestÍgated, the layout of the experímental flor.¡ facílity and íts

performance, and the varíous measurement and data acquisition

procedures used duríng Èhe investigation are díscusseci.

The overall aim of the investigation was to obtaín measurements

of the vibration response of and the acoustic racliation from a

cylindrical pipe, excited by both a fully-developed turbulent flow

and a varíety of internal flow dísturbances. The high speed, íntermiËËent,

lnduced flow pipe facílíty used by Rennison (1976) was also used for

the present investigation. The rig, origínally desi-gned for the

study of acoustic radiation from a straighÈ pípe carrying undisturbed

fully-developed turbulent f1ow, is similar to a blow down ¡¿ind tunnel-.

The ríg has been modified by i.nterposing a straight entry lengËh

and the pípe fittíng to be investigated between the existing bell

mouth Ín1et and the test sectíon. The pipe fittíng is located or-rtsíde

an anechoic chamber:, while the radíation from the sÈraíght tesÈ section

and its wal1 acceleration are measured ín the anechoic chanber downstream

of the pipe fírting.

rn addition to the spectral measurements of the pípe wall

resPorìse and the exÈernal acoustíc radiaÈion, ext.ensíve inÈerna1 wal1

pressure fluctuation measurements were obtained for a wíde range of

flow speeds usíng píezo-electrÍc crystal transducers. In the case of

one of the inËernal florv dísturbances (a 90o mÍtrecl bend) the wa1l

pressure fluctuatj-ons r^rere ac-.c1uired digitally usirrg n high speed

data acquisition sysËem. Th:Ls was done to obtaín the data simultaneously
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at various axí41 posj.tions along the test sectíon irr order to obtain

longitudínal space-tíme cross-correlations of the wall pressure

flucËuations.

The mean flow parameters were obtained from total pressure measure-

ments inslde the pípe (in a plane normal to the flow) and the corresponding

static pressure measurements along the pipe wall. An automatic pítot

probe traverse mechanism v¡as used for the total pressure measurements.

3.2 DEVTCES TESTED

Several internal flow disturbances v¡ere selected for the

investígation for comparíson with fully-developed Ëurbulent pipe

florv. The internal flor,r disturbances ínvestÍgated r¡¡ere;

(1) A 90o radiused bend wj-th a radíus raËio, R/a*, of 6.4,

(2) A 90o radiused bend with a radius ratio, R/rr, of 3.0,

(3) A 45o míÈred bend,

(4) A 90o nitred bend,

(5) A gate valve,

(6) A butterfly valve.

In addl-tion some results are presented for;

(7) A 55 rrm dÍameter orifíce p1ate,

(8) A 65 mm diameter orífice plaÈe.

Of the orifice plate results some were obtained by tl"re author

ín conjunction wÍth Hyland (L979), while others are those obtained

by Hyland (L979). Hyland was specífícally concerned with an exper:'-mental

investigation of the noise generatÍ.on due to orifices in pÍpework

with f1ow. His work v¡as initiated by, and is an experímental extensíon

of, preliminary results obtained by Bull ancl Norton (1976, L977a, L977b)

and was carríed out j-n parallel with later stages of the present

inves tÍgation.

The initlal intention was to use commercially producecl cold
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drawn bends of various radii, but those obtaÍ.nable krere not of sr-ritable

'qualíty for a laboratory ínvestígation. Hence a procedure for

fabrícating them from moulcled expoxy resin was developed. A

toroidal wooden mould v/as made up and layers of the expoxy resin

(rnixed with fíbreglass to sËrengthen ít) \^7ere coated on' The radiused

bend was then cut out of the fínished product. Two sets of 90"

raclíused bends v¡j-Èh ratios of bend radius to mean pípe radius R/a*

of 6.4 and 3.0 were made. Techniques were also developed for proriucing

accurate mitred bends: trvo lengths of steel pípe selected for uníformity

of internal bore were mitre<l in special jigs and then joíned eíther

by weldiug or by clamping. A 90" mítred bend and a 45" mitred bend

\rtere made using the welclíng techni.que. An aclditíonal instrumented

90" mitred bend hras made using the clamping technique and this rvill be

díscussecl later ín this ehapter. Figures 3.1 and 3.2 show the 90o

welde-d mitred bend and the fabrícat,ed R/ao' 6.4r90" radíused bend

that were used.

Tv¡o commercial 3 inch valves, namely a gate valve and a

butterfly val-ve \¡rere purchased. As the piping used in the experimental

work was of non-standard <limensj-ons (72.54 rnm I.D. ot 2.856 in I.D'),

ít was necessary to clesígn tapered matíng pieces for each of the valves

to match the experirnental pipe work. The overall lengths for each

valve plus i¡s rnating pieces \^lere mâde to be the same for inter-

changeability. The gate val.ve obtained, had flanged ends and the

bore had to be machined to match the mating píeces. The butterfly

valve clíd not requíre any machining of the bore. Both valves \dere

sandwíched between adjacent flanges of the mating pieces. The nominal

valve dimensions are illustrated in Fi.gure 3.3. The mating píeces

Iüere constructe-d fr:otn a ho]low steel bar of 60 mm I.D. and 100 mm O'D' 
'

cut to the requj.recl lerrgth. Standard 3 inch drop-for:ged steel flanges

were rvel{ed on at the ends ar-rd the ivhole assembly was machj-ned down to
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FIGURE 3.1 INLET PIPING AND gO.MITRED BEND

FIGURE 3,2 RADIUSED BEND ( R / o," = 6.4)
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specif íed dimens j-ons. 0-ríngs rvere mounted in grooves on the f langes

to seal the joints. Thw two valves tested are shown ín ligures 3.4

and 3.5.

The two orifice plates investigaËed in conjunction wíth

Hyland (1979 ), have radius ratios (orífice radíus to internal pipe

radius) of 0. 76 ancl 0.90 respectively. The orífice plates are 7 mm

thick and are ch¿mfered around Ëhe outlet side leaving only a thín

edge, vrhile the inlet face of the plate remained flat r¿iÈh a 90"

colrne-r at the edge of the hole (in accordance with Britísh Starrdard

Specifications). Addítional relevant experimental results for the

orif ice plates, obtained by I'Iyland (L979) , are prese-nËed in Appendix

C, for comparison in later chapters with the results obtaíned for the

varíous oÉher pipe fiÈtings use<l in this investigation.

3.3 EXPERTItrENTAL FLOW FAClLTTV

The general arrangement of the experírnental. apparatus, the

coordinate systen used, and the cletails of the various pipe fittíng

are illustrated in Figrrre 3.6. X is a non-dimensional streamrsÍse

coordínate, expressed in terms of the pipe <iiarireter, r¿ith its orÍ-gin

at the geometrical centre of the pipe fitting producing the flow

di-sturbance; it is therefore negaËive aË locaËions upstream of the

fitting and posÍ-tíve do¡"nstream. All pí-pe sections have been made from

cold-drar+n steel tubing. The inEernal diameter is 72,54 mm throughout

and the r'ral1 t--hickness is 6,35 mm, with the exception of the thín-

walled test sectíon, r,vhich has a rn'all thickness of 0. 89 mrn.

All mating pipe sections are flanged and locaËed by spigots.

At all joints the pípe bores are accurately matched, so that no

extïaneous dj-sturbances due to discontinrrities in the pi-pe are introduced

Upstrearn of the flov¡ disturbance there is arr in1et bellrnouth

(extendÍrrg over -59.2 < X I -49"2) and a straíght section of pipe

about 1+5 díameLers l.ong, (be.ginnirrg at X = -49.2); dol'rnst:ream of the
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FI GURE 3.1, GATE VALVE

+-*-

FIGURE 3'5 BUTTERFLY VALVE
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bend there is a further length of straíght pipe-, extending to the start

of the tesË section at X = 54.3. The test section is 40.2 diamet.ers

long (54.3 < X ( 94.5). The downstream end of the tesÈ section is

connected through two mechanical fj-Iters, a soníc choke, an acoustíc

fílËer, and a remotely controlled quick acting valve to two large air

receivers which can be evacuated to a pressure of about 15 kPa. Thís

arrangement effectively ísolates the test sectíon from both vibraËional

and acousËic disturbances occurríng dovmstream of iË when the flow is

on.

üIhen the quick-acting valve is opened, air flows from

aÈrnosphere through the pípíng system Èo the vacuum vessels. The mass-

flow rate and flow velocíty are controlled by the t.hroat area of the

sonic choke. A series of nozzles allows florvs with centre-líne

velocities ín the range 65 to 180 m/s, and correspondíng runníng times

ranging from about 15 to 5 seconds, to be obtained. Five nozzLes axe

available; Ètrese give mean centreline flow Mach numbers of 74o-O.22,

0.35, 0.40, 0./+5 and 0.50, at X = 52,4. The precíse values depend

on frÍctíonal effects ín the pipíng system and vary slíghtly from

one disturbance to another.

The pj-pe fitting and inlet pipíng are located ín a reverberant

chauber and the te.st sectíon spans an anechoíc chanber. An Ínstrunentatíon

section, in whÍch measu::ements of mean flow velocíty and wa1l pressure

spectra can be made by meall.s of pitot tubes and píezoelectric pressure

transducers respectively, can be located at varíous poinÈs in the

system. Thís j-s sho¡.m in Figure 3.7. StaÈíc pressure measureme-nts

are also obtainable from the instrumentatío¡r section. The sectíon is

rotatable, hence c-Lrcumferential variations, Ín the varíous flow

paranìe-ters monitored, can be detected at posítions upstream, ín Èhe

vÍ.cini-ty and dov¡nstream of the flov¡ disturbances. As nentioned ín

secti on 3.2, a 90o mÍtred instrumented be.nd l*'as made, in which
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F1GURE 3.8 INSTRUMENTED 90" MITRED BEND
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circumferential and axía1 variatíon of stai-ic pressure and v¡all pressure

' fluctuation measurements can be made ímmediately upstream or downstream

of the bend. Thís Ís shown in Figure 3. B.

The induced flow rig flow control equipment is shown in

Ffgure 3.9, and Figure 3.10 gives a close up víew of one of the

mechani-cal vibration ísolators. The flow control equípment comprised

two vibration isolators (orrly one is visible in Figure 3.9), the

sonl.c choke, an acoustic fí1ter and a rernotely controlled quick

acËing va1ve. The acousËi.c fil ter comprises glass wool packíng

wrappecL around a cylindrical perforated sheet metal liner inside a

150 nrm dj-ameter steel pipe. This fílter attenuates flow noise dolrnstream

of the sonic choke. The vibration ísolators acL as low pass mechanical

filters for vibrations generated downstream of the system and there are

two of them ín the system. Each isolator consists of a series of three

steel plates (6.5 mm thick and 250 nm square) separated from each oÈher

and the flanges by soft rubber gaskets, 6 mm thick. The rubl¡er gaskets

are of the same interrral diameter as the pipe and are cast from rnoulcling

rubber. The Ínsertion loss of each víbration isolator Ís greater than

40 dB over the fre.qeuncy range from 200 Hz to 20 I<Hz (Rennison, 1976).

Thus the Cest section ís effectively isolated from any mechanical- or

acoustíc disturbances generated by the sonic choke or by the flow

downstrearn of it.

As mentioned in Chapter 2, the vibration of the test sectíon

pipe wa11 can also be associaÈed T¡/ith the mechanícal transmíssion of

víbratíon excited by the pipe fittings ín their or'm vicíníty. Vj-bration

ísolation of the test sectíon from the i.nternal flow di-sturbance was

consídered unnecessary for this particular experímental set up, because

of the impeclance ntisnatch between the general pípeworlc and the thin-

walled test sectiorr. In addition, the íustrumentatíon sectíon (Figure

3.7) was positioned i-mrnedíately upstream of the thin-wa.l.1eci test section
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hrhen acoustic radiation and pípe ¡¿a1l vibrational measurements \¡rere

being obtained in the anechoic chamber. rL represents a further

impedance mísmatch because of its substantial mass and r^ra11 thickness

in comparison to both the píping and the test section (the Ínstrumentation

section was bored out of a so1íd cylindrical steel bar).

An experíment T¡/as performed r+iËh the 90o mítred bend to

substantiate the above díscussi-on. Acceleration neasurements vrere

made wÍth the flow system rearranged so that the test sectíon was

located immediately dovrnstream of the bend (by Ínterchanging it with

the pipe run ruhich r'ras previously between i-t arrd the bencl). I¡Iith the

neì;\r arrangement- the thj-n-wa1led test sectioD was posítioned aÈ

5.1. S X S 4S.3, with t-he instrumer-rtati.on secÈion between the test

section and Ëhe bend. A 90o mitred bend with a shortened arm after

the bend was used, rsher:e the dísr-ance from the geometrical centre of the

bend to the tip of the flange on the arm \¡/as x = 1.0. pÍ.pe wall

acceleratíon measure'ûrents r,rere obtained at x = 72.0. At this axíal

positíon, the mean florv veloc:'-ty profíl_e r¿as synrnretrical but not

fu1ly-developed (see Figure- 4.2). The r¿al1 pressure fluctuatic¡ns

were also círcumferentia1ly uni.form, but were slightly hígher than i¡

a region further do!/ntjtream r,¡here a fully-developed velocity profíle

had been re-est¿rl¡Iishecl (see Fígure 4.7). As lvill be seen í¡ Chapter 4,

at tlrÍs axíal posiLion (x = r2.0), rnost of the effects of the local

nolì-Propagating disturbances had dísappeared. i{ence: âny measuremen¡s

of the pipe wa1l response i.rould represent a total resporìse due to

(a) a propagatíng í.ntel:nal r,¡a11 pressure fiel<l ancl (b) rnechanj_cal

víbratíons due to ti-re. be,nd. The- resrrlts obtaíned for the pipe wa1l

acc.eleration r:esponse at x = !2.0 ar:e preserrted in. Figure 3.11- for

set'eral flow sireeds. Jlecause of frictional effects in the pipe, the

flow velocity Ís lower close to tl-ii: bend than further clownstream (by

a rnaxj-rnum amount of abcut- L4"/" at the highest florv speed). Bear:j-ng in
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mind that internal wall pressure fluctuation levels are higher than ín

the anechoic chamber (X > 50.0), the pipe wall acceleratíon l_evels

in Figure 3.11 are comparable with those at X = 74.4 (mid-polnt of

tesÈ section when in the anechoic chamber, Figure 4.36). More importantly,

the general shape of the spectra are the same in both sets of results,

indicating that the pipe rnrall is being excited by símí1ar mechanisms

ín both cases. Any mechanícal víbrations generated by the bend would

decay with axial distance from the bend and ín additíon the character

of the excíÈation would be changed due to the impedance mismatch

thaË would occur at the several flanged joints. Hence, one would

expect the character of the víbratÍon response to be somewltat different

at X g 12.0 and X = 74.4 íf. mechanícal transmíssion were the dominant

source of pipe wall vibration. Hence the concl-usion that the Ëest

secÈion is effectively ísolated from any mechanical dísturbanc,es

generated aÈ the bend.

The thin-walled tesÈ sectlon was 40.2 díameters long and spanned

the anechoíc chamber. It was drawn to the same ínternal diameter as

the thíck-walled pipe and the instrumentation section. A thicL,-walled

pipe (6.35 mm ) of approxiuately the same length was also used for

comparison of acoustic radíation and pipe wall acceleratíon wj-th

correspondíng data for the thin-walled test section, and this is

discussed in Chapter 7. The details of the tvro experímental test

section pipes are presented in Table 3.1 and, Figure 3.12 sholvs the

thin-r.¡alled steel pipe in the flow rig Ínside the anechoic chauber.

Figure 3.13 shows some <¡f the ínstrurnentatíon used ín the experimental

progranme; this is discussed in cletail ín sectíon 3.5.
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r!=(1 -v2)
,4

TABLE '3 
¡ l-

DETAILS OF EXPERIMENTAL TEST SECTION PIPES

Test Pípe

Material

E (cPa)

u

ttThin-wa11ed"

Cold drav¡n seamless steel

t'Thick I lJalledrl

Cold drar¿n seamless steel

L96

0.28

0.960

7800

5222

2.99

36.27

42.62

39 .45

6. 3s

0 .04648

75.7

2]-.L

15.3

0.09

L96

0.28

0. 960

7800

5222

2.92

36.27

37 .1-6

36.72

0. 89

0. 0070

79 .4

22.6

1-5. 3

o.62

e" (xel*3)

"LP (m/ s )

!, (m)

ri (rnm)

a. (mm)

a (mm)
m

h (ro')

ß

^
fr (kHz )

tp
vac
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3,4 FLOW FACTLITV ?ERF()RA,IAÑCE

Ifean velociÈy profiles have been obtaíned at all five flol

speeds for each disturbance just upstream of the test section

(x = 52.4). Additional measurements were obtained, in the case of

the 90o mitred bend, at a me-asuring poínt upstrean of the bend (X = -12'9)'

The measurements show in all cases, that there is a fully-developed

turbulent flow at entry to the disturbance and that at entry to the

test section an undisturbed fully-developed turbulent flow profile

has been re-established.

The mean velocity profiles were obtained from total Pressure

measurements inside the pipe. (in a plane norrnal to the pipe axis)

ar-rd the corresponding static pressure neasurements on the pipe wa1l'

ToÈaI pressures \{ere measured by means of a pítot probe mounted on a

ríg which auËomatically traverses the insi-de of the pípe at a constant

speed. The nose of the pitoÈ tube was flattened to an inÈe-rnal

thickness of 0.50 rnm and an external thíckness of 1.00 rum; it projected

57 mm upstream of the probe support. A resÍstance potentiometer in

the traverse rig produces a voltage proportional to the probe position'

The rig is shor¿n ín Figure 3.14. Fígur:e 3.15 sl-rows Èhe píezo-electric

crystal transclucers used r^¡hich are díscussed in the next section' The

static pressure port.s on the instrumentation section wal1 consist of

0.50 rnm cliameter holes, connected to brass tubing outlets' Both the

st-atic and total pressures ralere measured wiÈh an electronic manometer

and a barocel.l.

The variatíons in circumferential statíc pressure l¡ere for-rrd

to be negligj-ble, implying axi-symmetric fl-ow at both axíal positions'

The axial variations in statíc pressul:e are very small over the instrum-

entaEion section span (4.1 diameters) and there is an almost linear

dec-re-ase in static pressure r¡ith <listarrce in Ëhe flow direction' St-atit:

pressure measurenenls !¡ere always o1¡taíned withotrt the pltot probe



63

t
I
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immersed in the plpe. SÈandard compressible flor¿ relatíons have been

. used to obtain the mean velocity profiles from the static and total

pressure measurements .

The velocity profíles are presented in the universal form (the

universal velocity dístribution law for smooth pÍpes) in Fígures 3.16

to 3.22. They compare r^rell with the \7 tt't povrer velocity distrÍbutÍon

deríved from Blasiusrs resístance formula, and the Universal velocity-

distribution law for very large Reynolds nuubers as presented by

Schlíchting (pp 560-592, 1968). Friction velocítíes have been calculated

boËh from measurements of the pressure drop along the pípe and from the

velocíty profíles, using the Clauser (1954) method - good agreement

is found. The results for both radíused bends \{ere símílar and so

only those for the R/a* = 3.0 are presented (Figure 3.19). From

Figure 3.I7, it can be seen that ful1y-developed turbulent pípe flow

is established before the 90o mitred bend i.e. the entry length is

sufficient Ëo erisure fully-developed turbulent pipe flow at'erìtry

to the disturbance.

Hence the conclusion that there is essenÈÍally a fully-

developed turbulent flow at entry to all Èhe disturbances and aÈ

entry to the test section dor'¡nstrean of the clisturbances. The mean

centrelíne flow Mach numbers before the test section (X = 52.4)

are presented ín Table 3.2.

In this section the various measurement and data acquísitíon

techníques used during the investigatj-on are described. tr'or each

flow disturbance, spectral measurements of (i) the fluctuatíng

internal- wall pressure fiel-d; (fi) the r¿all accelerations of Ëhe test

sectíon; and (iii) the acoustie porrer radiated f-r'orn the test section,

have be-en obtaíned. ín V3-o"t"v" bancl s and Ín 100 ÌIz constanr bandwiclth
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TABLE 3-2

MEAN CENTRLINE FLOI,ü MACH NIIMBERS ( before the test section at X = 52.4)

NOMINAL MACH NIJ},IBER 0.20 0. 35 0.40 0. 45 0. 50

Stralght Pípe o,220 0 . 361 0. 410 0 .462 0 . 520

90' Radíused Bend (R/am = 6.4) o.2L9 0 . 359 0 . 400 0 .460 0. 500

9Oo Radiused Bend (R/4, = 3.0) 0.2L9 0.3s7 0.397 0.443 0.496

Gate Valve o.220 0. 360 0. 406 0 .46L 0. 512

45" Ì"Iítred Bend o.220 0.360 0.407 0.460 0.s03

90o Mitred Band a.2L9 0. 3s6 0. 39s 0.448 0.495

Butterfly Valve 0. 218 0.357 0.408 0.460 0.505
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fn the particular case of the 90" mitred bend the wall pressure fluct-

uatíons v/ere acquíred digitally at several axial positions downstream

of the disturbance. The remainíng wall pressure spectral data were

analysed in analogue form using standard Brüel and Kjaer noise and

vibration equi-pmenË.

3.5.1 The- $la.U- Pttu,sun¿ Tnansducelu

Piezo-electric transclucers \^/ere used to measure the wall

pressure flucÈuations. The transducers used in the present ínvestigation

are símilar to those used by Lim (1971), Rennison (L976) and Thomas

(L977). The piezo-electríc transducer v/as used rather than a condenser

microphone because of its higher: attaínable frequency response

characteristícs, the smaller overall size, and the stability of its

calibration with variations in the mean ambient pressure.

The transducer consists of a small lead zirconate-tiÈanate

piezo-electríc crystal of both diameÈer and thickness of 0.75 nrm,

mounted on a brass stem. The stem is set in a brass plug of 5 mm

external diameter and the stem is insulated from the plug with silicon

loaded eboníte. The clesignation for the pÍezo-e-l-ectric material is

PZT-SIì ancl it is manufactured by the Brush Clevite Company of South-

ampton, England. The small gap between the transduce-r crystal and

the surrorrrrdíng body ís fíll.ed with silícone moulding rubber. An

electrj-cal contact. (conducting sil.ver paint) is placed on the top

surface of the crystal. A thín diaphragm of epoxy cement ís applíed

to the transclrrcer top face to offer some degree of protectíon and to

ensure a surface free of díscontinuítíes. The detaíls of the píezo-

electric transducer are presented ir-r Figure 3.23. A detailed descríption

of Lhe varíous sl:ages in the asse-mbly of the transclucers j-s gí-ven

by Thornas (7971) 
"

The piezo'-electric transducers are very high inpeclance
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devices and therefore, a pre,-amplifier is required for ímpedance

'matching. For Èhís purpose, the pre-amplífier described by Lím (1971)

was used. This is illustrated in Fígure 3,24. The transducer,

mount-ed in the brass plug was mounted on the pre-amplifier and

connected to a D.C. supply. Figure 3.15 shows Èhro of the transducers

mounted on theír respective pre-amplifÍers, Èogether wíth several

other transducers. The output from the transducer pre-amplifier

was passed to a Brüel and Kj aer 2LI4 Microphone amplífier/spectrometer,

ancl then fed to boÈh a Nagra IV L tape recorder and a B & K 3347

Real Time Analyser. The schematíc arrarrgenent of the apparatus is

shown in Figure 3.25.

Two methods were used to calibrate the transducers: (1) a

method based on the propagaÈion of a shock wave of known strengtl-r

across the transducer face, and (ii) a method based on comparing Ëhe

response of the transducer with that of a calibrated mícrophone in

an acoustie coupler.

In the first method, shocks of various strengths were passe<l

down a 40 run x 65 rnm rectangular shock tube over the face of the in-

sit.u transducer to determine íts sensitivity, linearity and frequency

response. Measurement of the voltage rise at, the transducer output, for

varíous shock strengths allor¿s a calibratíon curve to be obtained.

Oscílloscope traces of typical transducer shock r¡rave responses are

shown in Fígure 3.26. The progressive fall off in output voltage

with tíme, after the initíal rise due to the passage of the pressure

step is atÈributed to the lack of low frequency response of the transclucer/

pre-amplifíer combínation. The high frequency oscíllations seen on

the trace are associated r^ríth the fundanental longitudinal- resonance

of the brass stem upon r¿hich the crystal is mounted. These oscillatj-ons

were clampenecl by covering the transducer/pre-arnpJ.ifier wíth plasticíne.

The magnitude of the pressure rise acrosa the shock uray be
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esËimated using the approximate shock t-ube relation

2

V7
t3.11

1+
p1

p4

where p. is the statíc pressure ahead of the shock (this is
I

atmospheric pressure in an open ended shock tube),

p_ ís the static pressure behin<l the shoclc,'2
p4 is the initial pressure in the high pr:essure chamber of

the shock tube.

The magnitude of the pressure step across the shock front is

ÂP = (p2 - pt).

Typical ealibratíon curves that result from these procedures

are presented in Fígure 3.27 for Èhree of the transducers used. The

curves are wel-1 defined straight 1ines. The sensitivíty of the

transducers (including pre-amplífier) varied from about 0.10 mV/Pa

to 0.30 mV/Pa, and was l-inear over a range of shock strengths from

B to 34 kPa, with a flat frequency response from 100 Hz to 100 kHz.

The second method, based on comparíng the response of the

transdueer with Èhat of a calibrated microphone í.n an acoustíc coupler,

r¿as used to provide an easier alternative to the shock tube calíbratíon

technique clurÍng the numerous expel:imental Tuns on Ëhe induced flow

trLg. Furthermore, the acoustíc coupler c¿Llibra-tion procedure vras

designed such that the transducer did not have to be rentoved frorn the

ínsËrumentation plug clurí.ug calibraËion. lË thus remained flush with

the p1-ug surf ace tl-rroughout the experÍments. The ouÈput of the

transducer \,¡as calibrat-ed against that of a calibrated B & K I inch

4136 condenser microphone, using a small coupler into which they both

face and in whjch cyclic pressure variations are created. This is
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íllustrated ín Fígure 3,28. The pressure oscillations are provided by

mearls of a sual1 ear piece speaker which ís driven by a sígnal

generator. Sílicorìe grease is used to ensure thaÈ no air leaks are

present. using thís technique, the calibration \¡/as verified for

frequencies up to 2 k]Hz. Above 2 k]F,z, the pressure generated ín the

cavity ís not uniform due Èo wave effects; this limÍts the ca1íbration

to 2 kHz. A typícal frequency response of a piezo-electric transducer

as measured wíth the acousÈíc coupler ís presented in Figure 3.29.

The response of the transducer is flat to 2 kiHz with deviations

occurríng at higher frequencies.

Píezo-electric crystal transducers are sensitive to any

vibrations of the instrumentation p1ug. This together with pre*

anplifier electrical noise could contaminate the true wall pressure

fluctuation signal-. The specËral densíty of the electronic noise was

40 dB less that the measured pressure fluctuatíons assocíated with
straight pipe ftow and up to B0 dB less than that assocíated with

the severe flow disturbances. The víbratíonal response of the

transducer/pre-anplifíer was investigated by blanking off the mounted

transducer from the flow. The specÈra1 density of the vibraËíonal

signal obtained \díth the transducer blanked off from the flow was

always less than L% of the signal wíth the tïansducer flush r,¡ith the

inÈernal pipe wal1 and exposed to the flow. FurËhermo::e, the

transducer/pre-'amplÍfier was always dampened with plasÈícíne to reduce

vibrational effects.

3,5.2 Pi.rte, (;la.L[- Víbttøtion and Aeo'ul tic Rctdi¡t-tio n M¿a,s un¿n¿n-t, P tto c¿dtne¿

Since the flow rig used j-s an intermittent íncluced air flow

xi9, steady state conditlons pr-evail for a fínite tírne which is shorter

than the running tíme. Experi-mental measuïements were obtaíned. only

duríng the s;teady state period. BoÈh the pipe wa1l accel_eration and
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the acoustic power radiate.d were monitored with a Re-al Time Analyser

and it was found that the steady state period was only fractíonally

shorter than the rr:nning time for each flow speed.

The V3-octave band acceleratíon response of the pj-pe wa1l

was measured with a B & K 8307 0.5 g accelerometer. The accelerometer

was calibrated wíth a B & K accelerometer calibrator type 429L. The

B3O7 accelerometer has a norninally flat frequency response to frequencies

Ín excess of 40 kHz. The acceleromeÈer was fastened Ëo the pipe

su::f.ace wíth a thin layer of beeswax, which does not affect its

frequency response. At hígh frequencies, however, the mass of the

accelerometer causes a reduction ín the response for light stl:uctures.

Rerrnison (L976) made an assessment of this "mass-1oading" by neasuring

the reductions in the pipe acceleratíon response followíng the addítion

of several smal] nasses to the 8307 (0.5 g ) acceleromeÈer attached to

the thín-walled test pipe, for a consËant electromagnetíc excitatíon

por,Jer ínput. The measuïements \47ere extr:apolatecl back to the case

of zero mass-loading to give estimates of the necessary correctíon

to be applíed to the 0.5 g accelerometer. Rennisonfs (L976) results

are used in thís investigation and are prese¡ted ín Fígure 3.30.

Bacirgr:ound ttelectroníc" noise levels ¡vere found to be well

below the acceleration response levels and no correcLions lrere necessal:y"

As for the wall pressure fluctuations the spectral data were tape

recorded and analysecl on a narro\¡r band analyser. This is illtrstrated

schematically in Figure 3.25.

The particular anechoic chamber used ín this investigatíon

is a free fíe1d environment for V3-o.t.v" band acoustíc measuTements

from 200 Hz t:o above 40 kiHz. For a fínite pipe of length. 1,, the far

field directÍviLy pattern of acoustic radiaÈj-on frorir i:he pipe will

coït-esponcl to that of an infj-nite line s<¡urce comPosed of íncoherent
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sources if the observer is positioned r.¡ithin an ímaginary cylindrical

volume (i) ruhose length is equal to the pipe length 1,; (ii) whose

radius is < 9,,/2, and; (iii) which is axi-symmetric with the pipe

centreline. Renníson (L976) investigat-ed the far fíeld di.rectivíty

patËern of acoustic radiation from a cy1índrical pipe duríng flow

excitation. The radíal dependence of the far fíeld was determíned by

measuri-ng the decreases in radiated sound pressure leve1s (in Ve

octave bands) as the raclial distance from the pipe axis was successively

doubled from 0.L25 m Ëo 1.0 m" In thís rarrge of radial clistances, but

not sígníficantly beyond, Renníson found that there \{ere exactly

3 dB decreases ín ::adiated sound pressure 1eve1s betr¿een each successive

radial positions for all frequencies ) 800 Ì12. At fr:ecluencies bel-ween

250 Hz and 800 Hz there r¡rere approximate free field conditions. To

satisfy both c.::iteria (i.e. a free fíelc1 condition and a li.ne sou.rce)

such that a single measurement of the radiated intensíty wi 1l enable

an accurate estj-maLe of the total acoustic po!¡er radiated, subsequent

far fíeld acoustic nteasurements obtained by Rennison (1976) rvere

made at a radíal distance of 0.25 m.

The acoustic power radiated from the test sectíon ilr the

present investigation was measured over the frequency rallge- 250 TIz

to 40 k172. Ìleasurements r^/eïe obtained in the anechoÍc chamber with

the microphone 0.25 m from the pípe centre-line, resulÈing Í.n free

field conditions - a doublj-ng of distance from the pipe prodttces a

decrease in sould pt:essure l-evel- of 3 dB - beíng achieved. The \f

octave band measuïements rsere oþtained usj-ng a B & I( 4133 (L ínch)

conddnser microphone. Thís microphone has a flat frequency response

over the desj-red rallge (250 flz to 40 lcllz). Ilowever, at low flow

speeds (where the,- s j.gnal levels are lor,r) , the background "electronic"

noise is signifj-ca.nt. líeasr-rrenent-s rvere obl-ainecl using a B & 1( 4131

(1" rnicrophone) for: these 1ow f.low spee<ls (I1o 0.20). This partictrlar
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condenser microphone has a lor,¡er background ttelecLronictt noise level.

As for the wall pressure fluctuations and the pipe wall response, output

signals \^rere recorded on magnetic tape and narro\^/ band analysed

(Figure 3.25).

3.5.3 Thø CIatn A,cq&U.Uion Sq^tpm

Al1 the data used ín Chapter 6 on the wall pressure fluctuation

cross correlations rrere recorded on computer tape using a multiple

inpuÈ channel data acquísition sysÈem designed by and built ín the

Department of Mechanícal Enginee-riDg at the University of Adelaide.

The cross co::relations themseh'es rvere- performed on the Control Data

Corporation CYI',ER 173 computer of the University of Adelaide.

The data acquisition system is capable of makíng measurements

at rates up to four rnillion per second. The system is programmed

from the front panel or from magnelic tape. MeasuremenËs can be made

on any nulnber of channels up to 72 analogue channels and 4 dígiral

channels. These measurelnenLs, each of eigtrt bit precísion, are written

onÈo a 16 K shift register memory that is hard r.¿ired ¡¿ithirr the system.

Different quant-.itíes of the mernory can be allocated independently to

each of the 16 channels accordíng to requirements. The sampling rate

on each channel can be indepenclently varied up to a maxímum of 0.5 MHz.

Once the memory has been allocatecl to each channe.l, the whol-e

of the contents of the memory j-s wrítten on a standard IBM 9 track

computer tape as a continuous bloclc wíth a preamble on each record

providing j-nfolmation such as sampling rates, and memory block sizes.

The system then repeats this process, acquiring and writing data, for

any selectable number of times.

The samplirrg rate used was -50 kIIz and two channels were used

for acquíriLrg the relevant- data for cross colrel¿rtion of the wall

pressure fluctuatíons. Iience each record consisted of 8192 (Ztl, words
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of memory. The lne-nìory is arranged ín modules of 256 r¿ords and there are

64 rnodules of memory - í.e. 32 modules of memory per channel for this

particular experimental set up.

The analogue to digital 
"orr.r.tt.ts 

$zeïe set for a bipolar

operating mode r¡ith an input range of t 5 vo1ts. Sínce the transducer

output voltages were of the order of a few hundred mílli-volts ín

amplitude (turbulent pressure fluctuations and acoustic pressure

fluctuations), amplífication of the signals before digitization was

essential, Digital techniques relating to the acquiring of the data

are dj-scussed ín cletail in Chapter 6 (section 6.3).

3. 6 SUM^4ARy

In thís chapter are presenËed det-ails of the various ínternal

flow disturbances investigated and theír construction, together wíth

t.he detail-s of the induced air flow rig that accommodated the varj,ous

dísturbances. The florv facility performance ráras ínvestigaLed with

and r^rithout the various distu::bauces. A discussíon has also been

presented on the design of the piezo-electric wall p::essure transclucer

and its calibration using both shoclc tube and acoustíc coupler

techniques. Measurement procedures for obtaining the pipe wall

accele-ration response and the acoustic radiation have been briefly

discussed. Finally a description of the high speed data acquis-Ltíon

system has been presented.

Tive flow nozzle configurations rvere used, col:respondÍ-ug to

nomínal mean centr:eline Mach numbers (Mo) of 0.20,0.35, 0.40, 0.45

and 0.50. Steady state conditions vary frorn 5 seconds for the largest

Mach number to llr seconds for the smallest I'fach number. Ful1y--cleveloped

turbulent pipe f1-ow is esCablÍshed before t-he flor¡ d:Lsturl¡ance and it

is re-established be-fore the test sec!:[on. Vibration ísolation of

the test section florrr the fl ow clisturbancc \rrâs ullneccìssary because of
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the large ímpedance mÍ.smatch between the test section and the instru-

mentatíon section and between Èhe instrumentation sectíon and the

general pipe work.

Píezo-electric crystal transducers \¡rere used for the measure-

menÈ of the wall pressure flucÈuations because of the hígher frequency

response at.tainable, the smaller overalL síze, and the stabí1ity of

their calibration ¡¿ith changes ín mean ambient pressure and theír

robustness in comparison with the diaphragm of a condenser microphone.

Conventj-onal B & K equipmenË allo¡^red for satísfâcÈory

collection of experimenËal data of Ëhe pípe, wall response and the

external acoustic radiation over a broad frequency range from 250 Hz

to 40 KHz for Èhe fíve flow speeds. The dat-a vlere tape recorded on

an analogue tape recorder and processed.

The data for the r,rall pressure fluctuation cross-correlations

trere processed digitally on a hígh speed data acquisítíon sysËem and

the Cyber 173 Computer.
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CIIAPTER 4

EXPERIMENTS WITH A 90" MITRED BEND

4.1 TNTROOUCTTON

ThervorkreportedinthischapterísparÈofasystematic

investigation of the pipe-wall víbratíonal response and the resulting

acousËic radiation, caused by eíther an undisturbed fully-developed

Èurbulent pipe flow or a dísturbed flow due to the plesence of various

pipe fittíngs. Results of tl-re stu<ly of the vibration and acoustíc

radiatíon due to uuclisturbed fully-developed internal turbulent flows

have been reporËed pr:eviously by Butl and Renníson (1974, L977) '

8u11, Pickles and Rennison (1976) and by Re-nnison (1976). These

results form a datum agaínst which the measured effects of various

flow disturbance-s can be judged. Some results for radiused and mítred

bends have been reported previously by Bull and Norton (L976' L977)'

The bends are responsíble for the generation of an internal sound

field, and enhanced vibratíoual response and exLernal acoustic radiation

(compared wÍth results for a straight pi-pe) are observed' Thís

chapter is concerned, in Ëhe rnain, wíth a 90o mitred bend and with

iËseffectsonfully_devel.opedturbulentpipeflow.llallpressure

fluctuations and other flow parameters have been measured at varíous

positions uPstream, in the ímnediate vicíníty, and dor+nstream of the

bend, and of prí-mary concern aÏe (a) Ëhe characterlstics of the flow

separation caused by the bend, (b) the relation be'tween the character-

ístics of the- flow separation and the wall pressure fluctuations, and

(c) ttre vj-bratíonal and acousti.c effects at a doronstream positíon

where a fully-developed turbuletrt velociLy profl-1e has been re-established'

The 90" nitred bencl was chosen because Ít re.presenLs a severe'
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as)nunetTíc inÈernal fl-ow dÍsturbance which generates an intense

ínternal sound field. Hence, in this chapter, extensive experimenÈal

results are presented for (a) a detaÍled ínvestigatíon of flow ín
the region of the bend and (b) the vibrational and acoustíc effects.

All the experimental- results of the víbration response and

the acoustíc radíation presented in this chapter relate to the thin-
wall-ed cylindrical test-section that spans the anechoíc chamber

where ß = 0.0070, ú = 0.960, Â = 79.4 arrd ILp = L5.37.

4.2 DETATLED TNVESTTGAI-T|Í OF FL(i/(/- TN T{18 REGTON OF THE BEND

Thís section is concerned with wa1l pïessure fluctuations

and other flow parameters to develop a better understandíng of the

character of the flow in the vícínity of a 90o mítred bend. Extensíve

wall pressu::e fluctuation, static pïessure ancl total pressure measurements

rvere made at numerous circumferenËial and axial posÍtions, both

upstream and doi,rnstream of the mítred bend. The work presented in

this secÈion is an extensÍon of earlier work by Bul1 and NorËon

(1977, b>.

4 ,2 .1 Expwûn¿n-ta,t. A,nnnngQfienf.

The general arrangement of the experímental apparatus, an

íntermittent índuced aír-flow rig, is described in detail in Chapter 3.

This rig has been used to ínvestigate the effects of the 90" mitred

bend for vari-ous flow speeds with cenËre-line vel-ocitíes j-n the range

65 to I70 m/s.

Measurement positions for st.atic pressures, total pressure

traverses, wal-l pressure spectra and root mean square wa1l pressure

fluctuaÈions in the vicinÍty of Èhe bend a::e shor.rn in Figure 4.1"

Referred to the coordj.nate system <lefined in the fígure, these cover

the r:anges 0 < x < 4 and (by reversal of the bend) -4 < y < 0. x and
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Y coordínates are used here to enable locatíon of ports along the

inner and ouËer wall 0f Ëhe bend. This is different from the t x

coordinates (along the centreline) that are used for the locaËíon of

measuïement positions not in the vicinity of the bend. The latËer

system is also used ín the next. chapter for the varíous other pipe

fittings investigated. Measurements have been made, for the 90o

mitred bend, aË Poínts in the range 9 < X < L4, X > 52'4' and

Y (or X) < -L2.9.

4.2.2 Channc'tutt o Á th¿ l¡Low a,stoc,taÍ.ød wi.th" tl,L Q- 90o Mí,ütød ß¿nd

Meanvelocítyprofilesovercross_sectionsnorma]-tothe

pipe axís have been obtained for three flow speeds correspondj-ng

to centre-líne Mach nunrbers at X = 52'4 of Mo - 0'20' 0'40 ancl

0.50, aL various stream\^7ise posítiorrs both upsLream and downstÏeam

of the bend. In al1 cases, fully-developed turbulent pipe f1-ow

is establ-ished before the bend (Y = -12.9) and has been re-established

at the dov¡nstream measuring point aÈ X = 52'4' AÈ poínts 9 < X < 14'

Èhe mean velocity profíle is axisynunetríc but noË fully-developed'

Typical results are shown ín Figure 4'2 for Mo - 0'40' Immediately

downstream of the bend, the flow is asymmetric in the p1-arre of

symmetry of the bend. In the plane perpendícular to the bend, the

mean fl-ow is symrnetrical about the pípe axis '

By f1-ow vísualísatíon, Tunstall and tlarvey (1968) have

previously established that flow separaÈiorr occurs both at Ëhe inner

edge and ín the vÍcinity of the outer edge of the bend' This ís

reflecÈed ín the mean velocíty profíles in the plane of synmetry

of the bend and immediately downstre-am of ít. Tunstall and Harvey

(1968) also established that over a <Iistance of about three díaneters

dor,rnstream of the bend, the fluid l-ras a spiral motíon which switches

rar-rclomly between a cl-ockwise and arr anticlockr'¡ise dire-ct'j-orr of rotaLion
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,at frequencíes 1n the SLrouhal number rangcì 0.001 < f¿ < 0.02. This

'contrasts wÍth the tr^rin-circulatory flow usually associated with

racliusecl bends. They al-so found that the separation bubbles' at

both the inner and outer corners of the bend, are dísp1-aced to one

side or other of the plane of the bend and oscillate betr+een Èhese

two positions in syrnpathy v¡ith the switchíng of dírection of the

spirallÍng f1ow. This is ill-ustraËed ín Tigure 4.3. lulean velociËy

profíles measured Ín the presenË r^7ork are ín agreement with those of

Tunstall and Harvey, and the presence of the switchiDg pherromenon

was confírmed by time hístoríes of velocity variations dete-cted by

both pítot tubes and hoË wire anemometers, at poínts both ín and

out of the plane of the bend. Thís ís ÍllusËrated ín Figure 4'4'

At points in the plane of the bend, the switching ís beLrveen states

w1Èh the same lnean velocity, whi]e at points out of the plane of

the bend it is bet¡^¡een sËates with dif f erent mean vel-ocitíes ' This

ís consistent with oscillations of the separation bul¡'ble jn sympathy

wíth the switchíng. Switchíng rn'as observed at X = 0.75, 1.80

(where ít was sËTongest), and 2.85, but was not detectable at the

downstream posítíon X = g.L4. Tunstall- and l{arvey restrícted them-

selves to a maximum fl-ow speed of 30 m/s; Ëhe present experimenËs

confírm these observations for flow speeds of uP to 170 m/s' It

can thus be concluded that the switchíng phenomeRon always accompanies

separation and lasts as long as the mean velocíl-y profil-es ín the

plane of the bend are asymmetrÍ-c (i.e.. as long as the effects of

separation are Present).

Heskestacl (1971) measur:ed the static pressure and velocíÈy

distributj-on,s ín the vicirrity of a tv¡o-dímernsional 90o mitred bend,

and from theni cleËe::minecl the shape and c--xtent of the flow separatíon

orígínatíng at Ëhe ínner edge of the be.nd. Ihe separation l^7as founcl

to exte-nd clovmstream a clistance of about 2.95 diamete-lrs (that ís frorn
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X = 0.50 to X = 3.115 ín the coordinaÈe system used her:e).

For Ëhe two-dimensional nÍtred bend, the sÈatic pressure

drops sharply near the separaÈion point (the inner edge of the bend),

is roughly constant along the length of the separated regíon, reaches

its mínimum value upsËream of the reattachment pciínt and ríses

steeply to a maximurn value downstream of reattachment. At the

reatÈachmenË point itself the statíc pressure has increased above the

minimum by about 7L"/" of the overall rise. Heskest.adrs data and the

measured axial variatíon of statíc pressure on the ínner wal_l of

the bend ín the present work are shown j-n Figure 4.5. Asstrnptíon of

símilar behavi.our in the tr,,To cases leads Lo an esËimate for the location

of the reattachuent point for the circular pipe of X = 1.3.

Tunstal-l- and Harveyrs (1968) ínvestígaËion indicates reattach-

ment on Ëhe inside of Ëheír 90" mitred bend in a pipe of círcular

cross-section at X - 1.25. It can therefore be concl-uded that in the

present experÍments the separation on the ínside of the bend extends

from X = 0.50 to X = 1,25 - 1.30. It wÍl1 be seen later that this

conclusion Ís supporËed by the pressure fluctuatíon measurements.

The axíal- variaÈion of static pressure-, j-n the present

experiments, along línes on the insÍde and ouËside wall_s of the

bend and along l-ines ín tl-re p1.ane normal to the bend are shovrn in

Figure 4.6. As far as the separation ín the outer corner ís concerned,

these daÈa do noË give any clear ÍndÍcation of Ëhe positions of the

separation and reaËtachment poínts.

4.2.3 Thø \laX.[, Pnes¿wtø Fie.Ld

The power spectral densíty óO of the wall- pressltre fluctuatj-ons

has been measured at various flow spee<ls, at various axial and

círcumferentj-al posítions upstream and dowrrstream of the bend. The

dat.a are presented j.u the form of the non*clínlensíonal power spectral-
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density

where q2

círcular

an = ônuo /r?o"r, as a function of Strouhal number' fl = oa'/Uo'

is the density of fl-uid in ttre PiPe' o is the
= 

'z 
OrU2o pÍ

(radían) frequency, and Uo is the mean centre-line flow

velocítY at Positions rvhere the

the dÍsEurbance).

TYPícal results, for Mo

flow is fully-developed (arvay from

- 0.40, axe Presented in Tígure 4'7

for the non-dimensíonal spectra of the wa1-l pressure fluctuaËions

on the inner r+all . At the cl0wnstream posítions 9 < X < 14 (rvhere

theflowisaxisymmetric'buÈanundisturbednreanflowprofilehas

not been re_-establishecl) ancl x = 52.8 (where an undisturl¡ed profile

hasbeenre._es.tablishecl)thespectraldensiEiesofthervallplessures

arecircumferentiallyuníformbutarestill.inexcessofthoseof

undísturbed turbulent pipe flow' The spectra of' wal1- pressure

fluctuation-s in the test section (X > 52'B) are clíscussed in detaíl

inthenextsection.TlreexcessËherecanbeatËributedLoacoustíc

r^7aves generated by the fl-ow disturbaD'ce in the vícínity of the bend

itsel_f. This is discussed ín chapter 6. close to Èhe ben<l, 0 < x < 4'

where the flow is strongly ínflu.enced by the separation bubble on the

innerwall,therearelargecírctrmferentia]-variationsinspectral

densíty,typícallybyoneorderofmagnitude.Thespectraldensity

valuesgenerallyint.lrisregíonaÏegÏeaÈerLlranthoseforundisturbed

pípe flow by a factor of the or<ler of 104' This is illustrated by

the spectral clata in Iigures 4'B to 4'!2' for various axial and

circumferentíalposití-onsclosetothebend.Thereisnegl-igible

circumferentialandaxía-lvariaËj-onbeforethebendandthespectral

clensity va]-ues in this::egic'i, are also greateÏ than those for undistur:bed

pipe f1-ow. This is illustr:ated ín Fí-grrres 4'13 and 4'l-4' This

be-haviour of: the wall pressure spectra is typÍcal of al"l the flor'r

speedsinvestÍgatecl.Tigtrres4.15and4.16Íllustrateaxía.lvariation

along the iuner v¡ali after the bend for Mo - 0'20 arrd Mo - 0'50;
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Figures 4.L7 and 4.18 lllustrate circumferentíal varíaËion (x = 2'3)

after the bend for Mo - O.2O and 0.50, and show Ëhat they are negligible'

Extensivemeasurementsoftheoverallrootmeansquarewall

pressuïe flucLuatlons pr = (r\% r'rere obtained for several fl-ow

speeds. Measurements of (l'/oo) at four different axíal posíÈíons

are presented ín Figure 4.1g, for the 90o nr-itred bend' The r'm's'

pressure flucÈuaiíons, when non-dímensÍonalized by the centreline

dynamic pressure at X = 52'4 (pt/qo)' ülere found to be essentía11y

independentoffl-owspeedatallaxialposíËions.Thisisdiscussed

ín SecÈior 4,4 where the flow dependence of the wal1 pressure

fluctuaËions associated wíth the 900 mítred bend ís discussed in

consíderable detail.

The overall r.m's' pressure fl-uctuatíons show similar

behavíour to Ëhat of the spectral density. In Figure 4'20, the

variation of pt/go with axial position at various circumferential 
,

posíËions is shown. since pt/Qo is essentíally independent of flow

speed the values shown aïe averages for the various fl-ow speeds '

At all circunferential positíons, Pt/9o has a maxÍmum for X in the

rangeof1.ltol.3,ÈhatísneartheposiËiorrr,¡lrerethestatic

pressure measurements indícate that reattachment occurs on the ínner

wall- of the bend. Previ.ous measuremenËs of wa1-1 pressure fluctuatíons

in separated florvs, sunnnarísed by Mabey (L972), generally reveal

the occurïence of a maximum var_ue of pt /q some distance upsËream

ofthere-atËachmentpoint(whereqisthedynamJ.cpÏessurebased

on a freest.ream velocity). On average the maximum value of' p' /q

occurs aL a distance dor,rnstream of separation of about 0.84 times the

streamwise length of the- separatíon bubble. Looking specifícally at

Ètre variation of pt /eo on the j-nner wal-l of the bencl in the present

experiments, the peak value occuÏs at X = 1'15' Applyirrg the preceding

resul_t based on the <lata cÍted by l,{abey, the corresponding reattactrment'
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posirion ¡rrould be x = 0.50 + (1.15 - 0.50) /0.84 = I.27, which is in

' good agreement I{ith Ëhe deductions from the static pressure measuremefits '

Figure 4.20 also shov/s that p'/Qo values for the outer r^rall

have maxima at X = O and at Y = O. The former, 1n the líght of the

foregoing, míght be identifíed wíth the reattachment posítion. But

there is no dírect evidence (and certainly none from the data considered

by Mabey, which are for the mcsL part for flows in whích a freestream

can be identifiecl) which would allow Ëhe latter to be identifie-d with

the posítíon of separation, although it must be close to ít.

It uright also be noted that the maximum p, /1o value observed

here ís 0.33, consíclerably greater than the híghest value (-0'1) ín

the data summarised bY MabeY. ¡

Figures 4.2L and 4.22 j--l.]ustrate the circutnfere'ntíal variation

in p t /clo for several axial posítions upsËream arrd downstrean of the

bend. From Fígure 4.2L it can be seen thaË there is negligible

circumferenÈial variation before the mitre and at Y = -0'76 the effects

of the bend start to appear. From Fígure 4.22, ít can be seen thaÈ

p'/g,o is a maxímum along the inner wall (0 = 180") for X < 1'28

(regions insíde the separation bubble), and that beyond X = 1.28 the

cÍrcumferenLía1 variatÍon progressively decr-eases'

The frequency ranges from r,¡hích the doninant contributions

to the mean square wall pressure come can be highlighted by plotting

the spectral densities as CI 0n or f,) 0r = trlÔn/l ' (to 1ínear scales)

against fl (to a logariËhmic scale). The areas uncler Lhe curves then

directly ïepresent contributions to the mean square Pressure; in the

former case the Èotal area is ?/oo' and in the latter uníty. Such

plots are shown in Ì'igure 4.23 fox the i-nner wa]l at varj'otrs posítions

downstream of the rni-tred bend.

At X = 52.8, the wall pressuïe field can be i.Jentifie-d as

that of fully-developed turbulent pipe flow with a srrper:Ítn'posecl
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acoustic fiel-d generated by and radiated from the flow disturbance

in the ímmediate vicinity of the bend. BuÈ it ís clear from the

wal1 pressure spectra and the r.m.s. pressure fluctuatíons that the

acoustic conLríbution outweighs the basic pipe flow contrÍbution.

For M = 0.40, the cut-off frequencies for the (1r0) and
o

(2r0) acoustic modes correspond to CI = 4.6 and 7.6. The presence

of these two modes in the pressure field at X = 52.8 is indicated

by peaks of the weighted spectral density close to these fJ values

(and similar índicatíorrs can be seen in the wa1l pressure spectra,

figure 4.7). The presence of stj-ll higher order modes may also be

expected but consídering tl-rat the modal densíty of the acoustic

modes increases rapidly with frequcrncy and that the daÈa a::e derived

from V3 octave band measurements, one would not expect that hígher

frequency peaks would be observed. Since for Q < 4.6 only plane

kTaves can propagate ít is clear that Ëhe wa1l pressure fíeld at

X = 52.8 ís domínated by plane acousl-ic v/aves. The energy associated

wÍth these propagating waves is concentraËed mainly at freqrre-ncies

f¿ - 0.40 with a mínor concenËratíon near Q - 1"6.

However, close to the bend (X = 1.15), T.^/here Ëhere are

large additional non-propagatÍng pressure fluctuations, the major

energy concentration is aË Q - 1.6 ancl the minor at CI - 0.4. As

tlte measurÍ-ng point on the inner r^raI-l is moved dovmsËream, a!¡ay

from the bencl, Ehe relative eontribution Èo p2/q2 rnade by fluctuations

with CI < l increases, r,¡irjle Ël.rat nade by fluctuaEions wi-Èh frequencj-es

ín the r:ange 1< f¿ < 4,6 decreases, the decrease beí-ng rather more

narked at Ehe lov¡er tharr at Lhe higher end of the range. This

behavíour sugge.sts the possíbj-1-ity that the enet:gy conceni:ration at"

CI - 1..6 close to the bend may be due to the generatíon iu this region

of non-pt:opargertíng h:i ghe-r order modes at frequencies below Ëheir cut-

off f::equenc-tes. These morles rvotil.d then be aËtenuated with díst,ance
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downstream, the attenuation raËe being greater the further a rnode is

removed in frequency from iÈs cut-off frequency.

The spatial rate of attenuation of 0n in the vicir-rity of

the separaËion bubble can be obtained from the wall pressure spectra

or from Figure 4.23. It has about the satne value, 4,7 dB for each

pípe díamet.er increase in x, for all çl < 4.6. The attenuation raËe

for non-propagaËing higher order modes can be calr:u1aËed on the basis

of the solution of the $¡ave equatíon represenfed by equaÈions 2.1

and 2.2 or Ëhe:Lr equivalents for florlíng fluid in a cylindrical

pípe as given by Mason (1969). For tl're (1r0) rnode the axial attenuation

rate ís found 
"to 

be about 30 dB/dianeter at. Q = 2 and decreases orlJ-y

slowly as Q íqc.reases towards the cuÈ-off valrres. IE fa1ls signifícanËly

only at Q very close to cuË-off and would drop Lo Ëhe experimentally

observed value only within a fer¡ percent of the cut-off freqtrency.

In view of thi.s dísparity between observed and calculated values ít is

conclucle-cl that the major peak ín Èhe energy cur\¡es at f) - 1.6 in the

vicinity of the bend is not due Èo non-propagatÍ.ng higher-order modes

but to non-pïopagaËing fluctuations of the type associated wíth Ëhe

generaÈÍon of plane acoustic \raves. Lt follows Ëhat for all frequencies

CI < 4.6, the pressure fluctua-tj-ons near Ëhe bend have this latter

char ac ter .

The frequencies of thr: r¿'.ks aÈ CI - 0.4 and L,6 are fax

removed from the frequencies of sr.ritchíng and of oscillation of Ëhe

separaÊÍ-on bubbles from one side of tl-re p.Lane of Èhe ben-d to the

other (CI * 0,02). Tunstall- and llarvey (1968), who also found p.ressure

specirîa cl-ose to the bend to have trnro peaks, assocj.ated the frequencies

r^¡j-th Èhose of peaks in the velocity fluctuatiorr spectTa correspondíng

to cll'-fferent <li-rectíons of- fl"ow rotation at points off the pJ-ane of

synmetry of Lhc bencl . But consí.der:ing the rapifl change Ín relative

magniËrrrle of the peaks r'rith X observed here it seelns that a more
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detailed investigatjon of the flow and the separation at small X is

'requíred in order to identify what characËeristics of the flow are

associaÈecl wíËh the frequencies at which Èhe peaks occur.

The distance downstream of the bend aÈ which Ëhe pressure

dísturbances due to the bend have become almost entirely acousÈie

(as at X = 52.8) can be seen from Figures 4.7, 4.20 and 4.23 to be

given by X - 12. The same conclusion is reached for all values of

fl Íf the spectral densities of the pressure are sirnilarly consÍdered.

The experimental spectral resulËs presented in this cha-pter

so far, are all based on |3-octave measurerne-nts, buE a finer resolution

than 1s provided by Y3-octave bancl analysis is clesi.rabl"e for a lrore

positive inÈerpretation of the spectral- data and in parËicular for

identifícation of regions close to the bend r^'here propagating hígher

order modes are deËectab1e. For thís reason a narrow band spectlal.

analysis has been carried ouË. It is based on constant (100 Hz)

bandwiclth measuremenËs (using a Brüel and I(jaer het.er:odyne anal-yser)

and covers Ëhe frequency range frorn 200 Hz to 20 kllz, Measur:ements of

wall pressure spectl:a \\rere obtained for several axial. and cir:ctrmfel-

entíal positions (corresponding to Figure /+.1) boËh upstream and

dorvnstream of the mitred bend and are prese-nËed in ì-igu::es 4.24 to

4.29.

From Fi-gures 4.24 arrd 4.25 iE can be seen that several higher

orcler modes are detectable immediaÈely upstrearn of the rnitred bencl .

This is consistent \^rith the r:.nì.s. pressure fluc.Luations (Figure

4,20) ancl since Ëher:e- is negligÍble attenuatíon of ÕO wilh variatíon

in Y rrpstream, this indicates a propagating acoustj,c f:'-eld. Fronr

Figure 4,26, it can l¡e seen t}rat the higher order modes are not

observed for Y == 0.0 and 0.1t0 and Ëhac the- overall l.e'-vel. of 0O ís

greater- by about an orcter of rnagnitude" These. measiunene-r.rË ports 1íe
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somewhere in the region of Èhe ouÈer separat:l.on bubble. Iligher

order modes are noL det.ectable along the inner and side wa1ls aft,er

the bend, as índicated in Figures 4.27 and 4.28 f.ox X < 2.3. I-rom

Figure 4.29 it can be seen Èhat the higher order modes st,art to be

detecÈableaÈX=1.15.

These narror¡¡ band spectra reínforce the results of the r.m.s.

pressure fluctuations and the frequency weighËed power specËral

densities discussed earlrl-er ín this secÈi-on and one can conclude that

the cha::acter of the disturbance to Èhe røa1I pr:essure field in the

vicínity of the mitred bend ís as follows:

(1) Close to the bend (roughly 0 < X < 4), over Èhe regíon

of flow separation and for some dj-stance beyond it,

the wa1l pressure fíe1d is noÈ circumferenËia1ly uniform.

(2) In this region it is dominaËed by ínten.se non-pl:opagating

fluctuations at frequencies belorv that aÈ which any

higher order acousËic mode can propagate ín the pipe.

(3) The power spectral densíties of Ëhese fluctuations are

as much as 1OL Eímes as great as those of undistur:bed

t,urbulent pipe flow.

(4) These non-propagaËing fluctuations are of the t1'pe

associated with the production of plane acoustíc \.\iaves.

(5) They are attenuated rapidly with distance doL'nstream,

making neglígibJ-e contríbutions to the mean square

pressure at points further than about 1.2 diarnete-t:s

clownsËream of the ben<l , the ::e-maining dístu::banc.e

consisting entíre1y of propagating aco'.rstíc waves.

(6) The major contríbution to Ëhis acoustíc fj-elcl ís made

by plane waves at frequencÍes br¿lov¡ the cut-off frequency

of the firsc h.igher order rnode. At higher f::equerLcies

hÍgher-orcler: morJes, and almost certa.Lnly plane ruaves alsc¡

are present.
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tr'igure 4.30 illusLl:at,es the regíons close to the bend where

the lligher order rnodes are detectable.

4.3 VTßRATTONAL N,IO ACOUSTT,C EFFECTS OOüJNSTREAM OF TT{E ßEÑDI

Spectral measurements of the wall pressure flucÈuatÍons, the

acceleraüion response of and the acoustíc povr'er radiated from a

cylíndri-cal thin-walled Ëest sectíon wíth re-esÈablished fully-

developed internal turbulent air flow at X > 52 (downstream of the

mÍËred bend) are presented in this secËíon. The data are for flow

Mach nurnbers from 0"20 to 0"50. As seen in Chapter 3, there ís

fu1ly-<1eve1oped. turbulent fl.ow aL entry Ëo the bend, ari<1 ¡rt enÈTy

Èo the tesË section (- X= 52,4), an undísturbed fully-developed

turbulent flow profile has been re-established.

4.3.1 Sfiecfna- o{\ ihQ- Ula.tt- ?tte.t,st-tttø FLuo-tuafiora

The power spccÊrum of the wall pressure f1-uctuations has

been measrrred at each speed jtrst rrpstreain of the test sect-íon (X = 52.8).

The- results of these neasurement-.s are shorçn in Fígu,re 4.3L; the clata

beíng presenËed in the form of the non-dimensiorral powe:: spectraJ.

density, 0^, as a f urrction of St:rouhal nu-mber, f,). Figrrr:e 4.31 shol¿sp

Ër.ro sets of experímerrtaJ. results - for straight pí.pe f1ow, and for

the 90o mitred bencl at X = 52.8. There ís a faírl1' good collapse of

the data for all f]-oq'speeds invest,igated, when they a::e scaled in

this way. The scatl:er about thc mean línes are generally J-ess than

! 2 dB. The r,'alJ pressr:re f]-uctuations for both the 90o mítred bend

and the rìl-raight. pipe are flor,r dependent and this flow de-penderrce is

discussed in section 4.4. Iìorvever, the spread (at any particular

Strouh¡rl. number) over: Èhe .r:arrge of flor^r speeds ínve-sr-igaÈed is sma'lI

enough Èo jr:siify c.outparisolr L¡efi,reen the 90o mí.tred bend arrd Èhe

straíghr- p:ipe by cornparing mean values. z\s will be shov,rn in Chaptcr'5,

this is ¿Llso true of the other pipe fittinp,s; j-lrvestJ-gatecl and the
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mean values are used for comparison betvreen the various pípe fittings.

There is an íncrease in power sepctral density of the wall

pressure field over that for undisturbed full.y-developed turbulent

flow (at X = 52.8), large at low Strouhal nurnbers and progressívely

fallíng to almost nothing aË the highest Strouhal numbers investigated.

Spectra were also obÈained at X = 15.9 and the spectral levels are

almost the same as the corresponding ones measured close to the

Ëesr-secrion (X = 52.8). This is íllustrated ín Figure 4.32.

In conjunction with the observed reversion of the mean

velocity profíJ-es to the undisturbed staËe at entry to the Ëest section'

together rvÍEh an understanding of the experimental resulËs presented

in Section 4.2, this spectral behaviour indicaÈes Ëhat the effect of

the bend is to generate both near-field, non-propagating fluid

dynamic pressul:e disturbances and acoustic pressure dísÈurbances ín

its own vicinity, and that the disturbance observed at tbe test sectj-on

ís a combination of acoustic propagation from Èhe bend and turbulenÈ

pressure flucËuaËions, the acoustic propagaÈion being dominanË aÉ

low Strouhal numbers. Hence, the wall- pressu::e fluctuations are

the sum of Ëwo pressure fields - a Ëurbulent pressure field and an

acousÈic pressure field. These t\n/o pressure f íelds as will be seen

in Chapter 6 can be separated using cross-colrelation technÍques.

Figures 4.33 to 4.35 shows Ehe resulÈs for the non-dímensional

por.{er specÈral densíty, 0p, based on constant (100 Hz) narro\"r bandwidth

measurements; they cove.r Lhe frequency range f rorn 200 Hz to 20 I<LIz f ot

M - 0.20. 0"40 and 0.50" The data for oËher flow speeds (not presenËed
o'

here) exhibit similar behavíour. For frequencies above cut-off,

higher order modes are Present and they are detectable from the narrow

band spectral analysís of Ehe wall pressure flucLuations. At hígher

frequencies, as the modes become closer togetl"rer:, Ëhe effects of

ínrlívidual mocles become less obvious.
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4.3,2 Ae.ce,Lena.tion Re.tpontø o6 and Acou,sÍic Radis..tion (.ttom tl'tø Test Søc.tion

The power spectral density, 0- of the acceleraËion of the
Ç

wall of the test section has been derived from Y3-ocËave band measure-

ments made with a 0.5 g Brüel and Kjaer accelerometer at each of the

five flow speeds. The corresponding spectral densiÈy, 0n' of the

acousËic power radiated from Ëhe Ëest, section has been símilarly

derived frorn Y3-octave band measuremenÈs of sound Pressure levels

under free fÍeld conditíons. It is found experimentally that Ó¿ and

0r, "t" 
axially and circumferentially uniform over the test section

wíthín t 1dB. The resulËs presented in Figures 4.36 and 4.37 are

those obtaíned at the rnid-point of the ÈesÈ section, X = 74.4. The

resulÈs are shornrn in the form of the non-dimensional spectral density

of wall acceleratíon Õ- and acoustíc radiatíon 0n againsÈ non-dímensional

frequency V,

where 0 0
â 2

m
a O = ö /O c2S^ ;fi 'II''e e m

v = (l)/û)OJ rte Ç
T

uJ=
"LPr /a

m
ís Èhe ring frequency of the test seetion;

-LP U/0"t2 t ,þ2 = 1- U2 i E, gs, and p aïe respectively Youngrs

modulus, density and Poissonts ratio of Ëhe tesÈ sectíon material;

p and c are respectively the density of and the speed of sound in'e e

the fluid outside the pipe; and S is the surface area of the tesË section.

The specËra1 density of both the pipe wa1l acceleration and

the acoustic power radiatiorr íncreases dramatíca11y as V ::ises above

0.10. Furthermore, this behaviour occurs despíte the fact that Ëhe

greaÈesÈ acoustic disturbance to the wall pressure sPectl:um occuTs

at Strouhal numbers corresponcling to frequencies for which v < 0.10

(see Figure 4.31- and 4.32). Effects are greaÈest at frequencies

close to the cut-off frequencies of the vari.ous higher or:cler acousËic

modes discussed in Chapter 2. Thj.s is even more apparent from a narro\"1



90 MITRED BEND
Mo

o - 0,22
+ - 0.37
a - 0.40
n - 0,45
o - 0:50

F=00070,X=74't+

cut off for (1,0) mode

d1

2

_t?

10'"

-1/*
01

0s 5

6

-l
0

_1

0'

I
I

1

1

7-1
0

10--1

FIGURE /*.36 NON- DIMENSI0NAL
)) = (Ð/6)T

PIPE WALL
10

tss.
F

ACCELERATION



Mo

c -0.22
+ - c.37
A- 0.40
r-0-45
o- 0.50

sd MIRED BEND

Þ = 0 '0070 X= 74.4
It

cut off for (1,0) mode

-tu
10

_11

10

-1r,
10

-1
0

-13
0

1

2

0
1r

I

5-1
01

1o1 ú - cs/a, 0
10

H
s.
N

FIGURE I*.37 NON_DIMENSIONAL ACOUSTIC POWER RADIATION



r43.

band analysís giving fíner resolution than provided by the

bands. Figures 4.38 to 4.40 are narro\4r band analyses for

Mo - 0.20, 0.40 and 0.50, and Figures 4.41 to 4.43 for Õr,

V3-octave

Õ.. for
e

for the

same flow Mach numbers. Sharp peaks in pipe wall response and

acousÈic power radíat,ion can be seen aË frequencies close to Ëhe cuË-off

frequencies of Ëhe various higher order modes. AbsoluËe scales are

not, Íncluded on pigures 4.38 to 4.43, and ín the narrow band analysis

of the wa1l acceleraËíon (FÍgures 4.38 to 4.40) acceleromeËer mass

loadíng effects (as díscussed in Chapter 3) are not accounËed for,

so that the relative acceleration contríbutíons at and above I lcHz

are larger than indicated on Figures 4.38 to 4.40. Nevertheless, the

narro\,J band analyses clearly illustTate the poinË Ëhat effects are

greatest at frequencies close to the cuË-off frequencÍes of the varíous

higher order modes.

The same Y3-o.tave results for Õ.. and O-- are shown in F:'-gure
41f

4.44 in Ëhe alternaÈive form of the non-dimensional spectral density

of wal1 acceleration Õ.. and acoustic radi-ation 0 relative t.o the
çr

correspondíng values for the straight pipe t(0.. ¡ and (0-) ] agaínst
Ço 'll 

o

the non-dímensional frequency v. Results for Ëhe straight pípe (fully-

developed turbulent) flow itself are presented in the next chapter.

The efficiency of the pipe as an acoustíc radiator can be

expressed by the radíation ratío,

2(¡ 0TO=
[t of tl

t+. rl
ocS'e e

o
oî/ (or)o

o lro¿ tJ / [t Q. l7 o

so that,
o 14.21
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where [t f] indícates a spatial average over the vibratj-ng surface.

,As índicated above, experimenËal- measurements show that 0- ís r¡niform

over the ÈesË sectíon, and hence ltO-]l is essential-1-y equal to the
4¿J

value of Õ.. aË Ëhe míd-point of the Èest section.
e

From Figure 4.44 it can be seen thaË the 90o mitred bend

produces lncreases in boËh acceleration and radíation levels (over

that of straight pÍpe flow) over the whol-e frequency range in additíon

to Êhe dramaËic increases as V ríses above 0.10. Increases in accel-eration

and radíatíon levels Ín the frequency range 0.08 < v < 0.30 are

accompanied by increases in OIO^, but there is no significant change

in o/o for v > 0.30.
o

It can be seen from Figute 4.36 and from the narrow band

analyses (Tígures 4.38 to 4.40) that for Ëhe l-ow frequency pipe wall

ïesponse, the effects are greatesË for 0.02 < v < 0.03 and for

0.05 < V < 0.07. These 1ow frequency increases in pipe wall accel-eratíon

level are associated with plane \,raves coupl-ing wiËh varíous resonant

stïuctural modes. Rennison (L976) and Rennison and Bu11 (1977) ínvesËigated

the modal density of various cylindrical pípes. Calculatíons of the

experimenËal- modal- densí ty at low frequencÍes I¡rere made in %- octave

bands, and compared with theoreËical predictions. Rennisonrs experimental

results and theoretical predíction for the thín wa11ed pipe used in

Ëhís ínvestigation (ß = 0.0070 , I\= 79.4, 'l) = 0.960) are presented in

Figure 4.45. Rennison (1976) associates the experímental- peaks wíth

the grouping togeËher of l-ow axial order resonant modes of fixed

circurnferential order, and as the total number of modes in a band

increases the groupings have l-ess j-nfluence on Ëhe experimental modal

density. For the particular thin-wall-ed test section used in this

investigation, there ís a sígnificant grouping of n = 2 círcumferentíal

order modes for 0.014 < v < 0.029 and n=3 circumferential- order modes

for 0.048 < \) < 0.058 (Rennison, 1976). Ilence the observed increases
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ín pipe wall response at these frequencíes to plane wave excitatÍon

from the 90" mitred bend, as deÈermined in Ëhe present ínvestigatíon.

Renníson (1976) showed that in pipes (^ >> l-), the radiaËíon ratíos of

these l-ow n subsoníc modes are not negligíbl-e and they tend to have

a strong ínfluence on the external- acoustic radiatíon. The observed

increases ín external acoustic radiation at these low frequencíes to

plane wave excítation from the 90o mÍtred bend confírm Rennisonr s

observatÍons. On average, these p1-ane wa\ze excitaËions cause the

pípe to radíate more efficiently than the rrndisËurbed full-y-developed

turbulenË flornr excÍtation (see O/Oo in Fígure 4.44) although it appears

that mosË of the low frequency scaLter in o/oo is experimenËa1 scatter.

Comparísons are made in Ëhe next chapter wiËh various ínLernal flow

dísturbances.

4.4 THE TLOLIJ DEP ENDENCE 0F THE 7l\JTERf\rAL \JALL PRESSURE |IELD

The mean squaïe value and the povrer spectral density of the

wa1l pressure fluctuations associated r,ríttr a turbulent boundary 1-ayer

or fully-developed turbulent (straight) pipe flow are dependent on

the flow speed. Many índependent researctrers (e.S. Bu11-, 1967) have

found that the ove::al-l mean squaïe pressure' P2, ís faírly closely

proportíonal to Ub and that the polrer specËral density, Qn, ís fairly

closely proportíonal- to U3 at any given SËrouhal number, f). The non-

dimensional power spectral density of the r¿all pressure flucËuations'

Õ whích is non-dÍmensional-ized on Ëhe basis of Ul ís therefore very-pt o

nearly índePendent of flow sPeed'

An approxÍmate U3 dependence of Ôn (and hence a Uo dependence

for straight pipe wall pressure fluctuatj-ons has been found in

this invesËigation also (see Figure 4.31). The flow dependence for

several SLrouhal nunbers is shornrn in Fígure- t+.46 , where Õn Ís plott-ed

agaínst logroMo. As can be seen, the non-di-mensíonal spectral densíty'

ofÕ)p
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Õn, ís essentially independent of Uo, which irnplies that Qn scales

as U3 and that 7 scales as Uh. There ís however experimental scatteï
o'O

in the spectra (Figure 4.31) and thís Ís evident ín FÍgute 4.45 at

some Strouhal numbers. However for the majoril-y of SËrouhal numbers,

0n scal-es approximately as UO
o

In the case of the 90o niÈred bend, the overall picture is

somewhat dífferenÈ. Val-ues of (0n - ano) against logroMo, where ano t"

the non-dimensional power spectral density of the wa1-1- pressure fluctuaËions

associated with undisturbed fu1-ly-developed turbulent pípe flow, ate

presenËed in Figure 4.47 for several Strouhal numbers. The data are

presenËed for Strouhal numbers correspondíng to frequencies below and

above the cut-off frequency of the fírst higher order acoustíc mode.

There is experimental scatter in the spectra (see Fígure 4.31) as in

Ëhe case of the fully-developed turbulent pipe flow buÈ it can be

seen from Fígure 4.47 that 0n scales approximately as Uo for most

SÈrouhal numbe-rs below and as U2 for mosË Strouhal numbers above the

cut-off frequency of the fírst higher order mode. Thus, at a given

Strouhal number, 0n scales as U3 and Us below and above cut-off of

the first. higher order mode respectível-y, and p 2 scales corïespondíngly

as UL and U6oo Horvever, despÍËe thís, Ëhe ovelall mean square pressure

associate.cl with a 90o mitred bend scales approximately as U4 (see

Tigure 4.19 where over the range of flov¡ condítions invest.igated,

pt /go ís roughly independent of Reynolds number). It can be seen from

the frequency weighted power spectral densities in Fígure 4.23 (at

X = 52.8), that the 1-argesË contributíons to the mean square pressuTe

fluctuatíons come from frequencíes below the cut-off frequency of the

first hígher older acoustÍc mode. n',."o !-Z contríbutions, scalíng as

U1, clearly outweigh the contrÍbuÈíons from the higher order modes,
o'

which scale as U6, ín the overall mean square pïessure fluctuations,

thus the U'] overall dependence.
o
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The flow dependence of the wal1 pressure fluctuaËíons assocíated

, vrith the other internal fl-ow disturbances that were investigated are

díscussed in the next chaPter'

4.5 GE/\JERAI tlscussl()N

It, has been established that the flow disturbances produced

by the 90o mitred bend generate an inËense ínÈernal acoustíc field' The

non-PropagaÈingflucËuationsareaËËenuatedrapidlywithdistance

downstream (and upstream) and, at poÍnts greater than 12 díameters

downstream of the bend, the remaining disturbance consísts entirely of

ploPagatingacousticwaves.ThemajorcontributiontothisÍnternal

acoustic field is made by plane acoustic vTaves at frequencies bel-or¿

the cut-off frequency of the fiÏst higher order mode' Thís is

consistent \^líth the observations of Kuhn and Morfey (1976), on noise

duetoturbulentpipeflowexhaustíngfromapipecontainínga90o

mitred bend. In their l,7ork, the bend was found to gÍve rise Ëo

signíficantly increased noíse levels. The radiated acoustíc po\¡Ier

was found Ëo gïow approximately as U6, where u ís the flow velocity

aÈ the pípe exit. Tlhe wall pressure flucËuatíons associated with

the ínternal acoustíc fíel-d ín thís investigati-on scale as U4 for

frequencies below the cut-off frequency of the fírst higher order

acoustic mode, and as UG for frequencies above the cut-off frequency

of the first hígher order acousËíc mode'

AtallflowMaclrnumbersínvestigated,thereisanincrease

ínthepo!'7eÏspectral-clensítyofboththewallaccelerationandthe

acoustic po\{er radiation over those for undisturbed flow, over the

wholefrequencyrange.Lowfrequencyincreasesareassocíatedwith

plane acoustic waves but the increases abruptly become much larger as

the higher order acoustic modes become propagational, for v > 0'10'

ï,urËhermore, thís behavíour occurs despite the fact that the gleatest

acoustic disturbance to the wa11 pressure spectÏa occurs at freqrrencies
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whích correspond to v < 0.10.

The fact thaÈ the effects for a parËícular higher order mode

appear to be confined to frequencies near its cut-off frequency is

explaÍned by the consíderatíons of ChapËer 2 (sectíon 2.5 in partícular),

namely that iL is a consequence of the occurrence of the sharp maximr¡n

in the joint acceptanee at coincidence. By means of the phenomenon

of coincidence, the higher order acoustíc modes select and enhance the

vibration of those resorianË modes of the structure which radiate most

efficien¡ly into the fluid outside the pípe. In addítion' these

efficíentLy radiating structural ntodes now make a proportíonately

gïeater contribuLíon to the radiated sound po\,7er . Radíation ratíos

(o/oo) are a maximum in the regíon of the (1,0) and (2,0) higher order

acoustíc modes.

AcousËic plane r^raves generated by the bend, contríbute to

the vibratíonal response and the power radiaÉion aË frequencies below

the cuË-off frequency of the fírst higher or:der mode, resultÍng in an

overall increased radiaËion raÈio (o/oo) ín comparíson to undistur:bed

fu1-ly-developed turbulenË pípe f1ow. Acoustíc plane vlaves may also

contríbute Ëo the víbrational response and the power radiation aÈ

frequencies above Ëhe cut-off frecluency of the fírst higher order

mode. The component of ttre wall pressure fluctuations assocíated wíth

the plane \^raves can be estimated from longitudinal space-time cross-

correlations of the wall pïessure fluctuatíons wíth appr:opriate time

delays and spatial separaËions. This is díscussed ín consiclerable

detail ín Chapter 6.

For an ídeal pipe with no as)¡nmetry, propagatÍng aco.ustic

pl-ane \^Iaves dc not constí.tuËe a \rery efficíent form of víbrational

excitatíon, since they necessarily give rise to a forced response of

the same wavenumber in the pipe r+a11. But íf flow condítions in the

pipe are such that the speed of sound ínside Ëhe pipe is greater than
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in the external fluíd, then this forced perÍstaltic wave motíon in

. the pipe wall will generate acoustic radiatíon very efficiently.

For real pípes, inhomogeneitj-es Ín pipe sÈructure and end conditíons

w-ilJ- give rise to coupling between plane wave excitatíon and resonanË

modes of the pipe, so that the víbrational- response wíl-l in general

be greater than the forced response whích vroul-d be expected in the

ideal case (see Rennison and Brown, L976).

The explanation of the observed overall behaviour of the

pípe wall response and the external acoustic radiation therefore líes

both ín Ëhe ability of hígher order acoustic modes, which occur on1-y

for V > 0.1-0, to excite resonant pipe wa1l modes and in Èhe phenomenon

of coíncidence of the hígher order acoustic mode-s with selected

strucËural resonant modes. The spectral íncreases in pípe wal1 víbratíon

response and ext.ernal acoustic radiation at frequencíes aÈ and above

the cut-off frequency of the fÍrst higher order mode dominate over

Èhose spectral increases at frequenci-es where only p1-ane \^Iaves can

propagate in the partícular case of the 90" mitred bend a1-though the

internal acoustíc fiel-d is dominated by low frequency plane \^¡aves.
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CI{APTER 5

EXPERIMENT S I^IITH OTHER INTERNAL FLOI^I DTSTI]RBANCES

5.1 TNTRODUCTTON

Measured values of the effects of several internal flow

disturbances on the wal1 acceleratíons of and external- acousËic

radíatíon from a pipe carryíng a full-y-developed ínternal Èurbulent

air flow (at a dista-nce greater than 50 diameters downstream of the

dísËurbance) are presented ín this chapter together rvith spectral

measuïements of the wal-l pressure fluctuaËions. Some spectral measure-

menËs are also presented for the rva1l pressure fl-uctuations upstream

of the disturbances. The internal flow disturbances investígated

\^rere Èhose due to a 45o mitred bend, two 90o radiused bends wíth

ratios of bend radius to mean pipe radius R/a* of 3.0 and 6.4, a gate

valve and a butterfly valve.

Some of the results already presented ín Chapter 4 on the

90o mít.red bend are also included Ín thi-s chapter for comparíson

wíth these various internal flow disturbances. A1so, specËral measure-

ments of the wal-l pressure fluctuations, wal-l acceleration of and

acousËic po\¡/er radiated from a pipe carrying a fully-developed internal

turbulenË aír f1ow, wíth no flow dísLurbance - i.e. "straight pipe

fl-owt', are presented. These data form a standard agaÍ-nst whÍch the

measured effects of Ëhe various flow disturbances can be judged.

[,le are not concerned in thís chapter rvíth "loca]-tt non-propagating

disturbances in the region of the varíous flow disturbances but only

with the propagatíng acousËic fíeld superimposed on a wall pressure-

fiel-d associated ruith fully-developed turbulent pipe fJ-ow.
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Mean velocíty profiles have been obtained at all five flow

" speeds for the various flow dísturbances at measuring points upstream

of the disturbances (X = -12.9) and just upstream of the Ëest section

(X = 52.4). As seen in Chapter 3, Ín all cases Ëhere ís fully-developed

turbulent flow at entry to the disturbances ([ = -12.9), and at entry

to the Ëest sectíon (X = 52.4) an undísturbed fully-deve1-oped turbulent

flow profile has been re-established.

Al-1 the experímental results for the vibratíon response and

the acoustic radiation presented ín this chapter apply to the thin-

walled cyli-ndrical tesË-sectíon descríbed in Chapter 4.

5.2 SPECTRA OF A)ALL PRESSURE FLUCTUATTANS

As in the case of the 90o mitred bendr. the po!üer spectra of

the wall pressure fluctuatÍons has been measured at each flow speed

jusÈ upstream of the test sectíon (X = 52.8) and, Ëhe daÉa are presented

ín the form of the non-dímensíona1 power spectTal density, Õp, as

a functíon of Strouhal number, f,). The results are presented in Figure

5.1 to 5,4 f.or the 90" radiused bend (R/arn = 3.0), the 45o mitred bend,

the gaËe valve and the butËerfly valve. The mean lines presented ín

Figure 5.5 have been obtained from the preceding curves, the scatter

about these mean lines beíng generally l-ess than ! 2 ð8. As for the 90o

mitred bend, the mean lines have been used to facilitate comparison

between the varíous flow disÈurbances. The flow dependences of the

various dísturbances, above and below the cut-off frequency of the

fírst higher order mode, are díscussed j-n section 5.4. The mean lines

for both the 90" radiused bends are almost identical and therefore only

that for the R/a* = 6,4 ratío is presented j-n Figur:e 5.5. Mean línes

for the 90o mi-tred bend and the straíght pipe "daùum" are also íncluded

for comparison; they were obtained from the results in Chapter 4. The

results pre-sented in tr'igures 5.6 to 5.8 are for the 90o raclíused bend
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(R/am = 6.4), the 45o mitred bend and the 90o mitred bend at a posiÈion,

X = -L2.9, upstream of the respecLive disturbances. Curves representing

mean values of these data are presented in Fígure 5.9; Ëhe scatter about

the mean lines presented in Figure 5.9 ís general-ly l-ess than l2 dB.

Again, the straight pipe "datumil is included for conparison. Once

again, the flow dependence of the various dísturbances is not totally

accounted for, when the spectral data are presented ín this rnanner but

the spread of the data over the speed range investigated stÍll allows

gross dífferences between Ëhe various disturbances to be highlighted in

this way.

From Fígure 5.5, iË can be seen that the wal1 pressure fluctuat.íons

assocíated with Èhe 9Oo mítred bend are much more severe than those

due to the other flor¿ disturbances, in particular at low SËrouhal

numbers. The buLterfly va1ve, also produces significant íncreases for

Strouhal numbers in the region where higher order modes propagate but

not at low Strouhal numbers where only plane waves can propagate. The

two 90" radíused bends produce only mild increases ín Ëhe wal1 pressure

fluctuatíons at low Strouhal numbers and almost nothing at the highest

SÈrouhal numbers ínvestígated. At the measuring position upstream of

the dísturbance (X = -12.9) the Strouhal r-:.umber dependence of the various

disturbances investigated ís simílar to that at the entrânce Ëo the

test section (X = 52.8). luleasurements \.{ere noL obtained at X = L2.9

for the two valves ínvestigated.

That the flow dístuïbances due to the bends and valves do indeed

gíve rise to acoustic dísturbances in the pípe is readily confirmed

qual-itatívely by lÍsteníng to the sound radiation into the reverberatiou

chamber from the inlet bell-mouth, and has been confírmed quantitaËively

by measurements of sound pressure levels by a mícrophone located on the

pípe-axís ín the Ínlet plane of the bell-mouth. The results of sucll

nteasuremeÍrts are shorsn ín Figure 5.10. At the híghest flow speed,
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increases ín sound pressure level at the belJ--mouth, above that for a

pipe of the same length but r{ith no internal flow disturbance, are

generally less than about 4 dB ËhroughouÈ the frequency range for the

90o radiused bend wíth R/ao, = 6.4 (data not shown) ; but they are as

great as 15 , 26, and 43 dB in some frequency bands for the 90o radíused

bend wíth R/a_ = 3.0, the 45o mitred bend, and the 90o mitred bend'm

respectively. For the gate valve and the butterfly val-ve (data

presented ín Section 5.5), the increases are as great as 25 and 35dB

respecËively in some frequency bands.

5.3 ACCELERATIO

The a'cceleration response of and the acoustic radiaËion from

the thin-walled test sectíon v¡ere obtained ín a simílar manner to Ëhat

described in Chaptet 4 and Ëhe results are presented in the form of

Ëhe non-dimensíonal spectral density of wall- acceleration Õ" and
e

acoustíc radiatíon Õn agaínst non-dimensional frequency V. As in

Sectíon 5.2, results for the 90o miÈred bend and sËraíght pípe flow

are also presented for comparison.

The results presented ín Fígures 5.11- to 5.15 are for 0- agaínst

V for the five flow spe.eds and are those obtained at the urid-point of

the test secËíon X = 74.4. It was founcl experimentally that $- and 0r,

are axially and circunferenti-ally uniform over the tesË section. Fígures

5.1-6 fo 5.20 are for Õn against V. Because of the símilaríty ín pípe

wal1 acceleration and acoustic ra<liation levels for the trscl radiused

bends, the resul-Ès for both bends are not ínc.luded simultaneously in

all of lígures 5.11 to 5.20; instead each bend (n/arn = 3.0 and R/a, = 6.4)

ís j_ncluded in alternaLe fígures, to rni.nimise confusion.

From Fí.gures 5.11 t-o 5.20 ít can be seen that the radíused

bends do noË cause sígnificantly nrore acousLic power radíation than

undisturl¡ed fr.rlly-developed turbulenÈ flor¿ ín a straíght pipe, exce-pt
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perhaps in the region of the first hígher order mode i.e. Èhe (1,0)

mode (at v u 0.L2). The 45" nritred bend and the gate valve produce

sígnifÍcanÈ increases ín pípe waIl vibratíonaI response and acoustic

poÌ¡rer radiaÈíon at frequencíes above the cut-off frequency of the (1,0)

mode and, the butterfly valve, like the 90" mitred bend, díscussed

ín Chapter 4, produces increases (compared with results for the straight

pipe datum) that are even more substantial-. Low frequency íncreases

for the gate and butËerf1-y valves wíll be dÍscussed later on in this

secÈÍon. As in Ëhe case of the 90" mitred bend, the most dramatíc

effects for the 45o mítred bend, the gate valve, and the butterfly

valve are confined to frequencies close Èo the cut-off frequencies of

the various higher order modes, and are associated with the coincidence

between propagatíng higher order acoustic rrodes and selected resonant

structural modes. Thís is illustrated in Figures 5.21- to 5.32 for the

particular cases of t.he butterfly and gate val-ves. The narrow band

analyses provides a finer resolutj.on than the V3-o"t"n" analyses and

the effects of coincidence are illustrated much more clearJ-y. As for

the 90o mitred bend absolute scales aïe not ínclucled on Fígures

5.2L to 5.32, and accelerometer mass loading effects are not accounted

for in the narrow band analysis of the pipe rvall acceleration. Narror¿

band analyses were not made for the radiused bends or the 45o mítred

bend.

rhe radi-used bends produce ínsignÍficant íncreases in pípe

waIl vibraËion response ancl external acoustic radiatj-on at frequencies

below the cut-off frequency of the first higher orcler mode, Ín comparison

with uudisËurbed fully-developed turbulent pípe flow. Thís is also

generall-y true of tlne 45" mítred bend. The two radr'-used ben<ls produce

rn'all pressure fluctuations, at most Strouhal- numbers investigated,

that are comparabl.e wiËh undisturbed fully-deve.loped turbulent pipe

f1-ow, although there is some evidence of a míld acoustíc disturbance
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that doninaËes over the wa1-1 pressure fluctuations associated with

straight pípe flow at very low SÈrouhal numbers (see Fígure 5.5). This

does not, however, cause any detectable increases ín pÍpe walJ- response

or external acousËic radiation (see Figures 5.11 to 5.2O). The 45o

miÈred bend is also a generator of rnild acoustic plane waves that

dominate over the wall pressure fluctuations assocíated wíth sÈraight

pípe flow aË low Strouhal numbers (see Figure 5.5) and once again Ëhere

are no low frequency víbration or radiatíon increases over undisËurbed

turbulent flow excitation.

Tl-re gate valve produces low frequency increases ín both the

pipe waJ-1- acceleration and the external acoustic radíatíon at

\) = O.O22 (500 Hz) and v = 0,055 (1250 Hz) at all flow speeds ínvesËÍgated.

This is evident from the |3-octave specËra (Figures 5.11 to 5.2O)

and the narro\¡r band analyses (Figures 5.2L to 5.23, and 5.27 to 5.29).

Increases ín the wall pressure spectra at Stror¡hal nuurbers corresponding

to these frequencies are also obse-rved (see Figure 5.4) . These observecl

íncreases ín wall pressure fluctuatíons, pipe wal-1 acceleration and

external- acoustíc poÌ¡/er radiated do not increase in frequency wíth

increasj.ng flow speed. llence Èhey are not associated v¡iÈh the periodie

sheddíng of vortíces (which gíve ríse to force fluctuatj-ons which

Ín. turn radíate noíse), whieh rnight be expected from a flow spoíler.

The gate valve, in íts ful-ly open position, comprises of a círcumferentíal

slc¡t in the pipe wall (as illustrated in Chapter 3) and does noË

represent a significanË protrusion inËo the flow and as such does not

generate periodÍc vorticies. Thus, the low frequency increases in

the wall pressure fluctuaÈíoris associated with a gaËe valve are probably

attributable to plane acoustrl-c waves, alÈhough further experÍ-mental

ínvestigation would be requirecl to subsEantiate this. Cross-correlation

techniques (as dj.scussed ín Chapter 6) r:oul-d esËablish wheEhe:: or rrot

the increases in the wall pressuÌ'e fluctuations are associated
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wfth plane acoustic waves. As illustrated in Chapter 4, Èhere 1s a

signlficanÈ grouping of resonanË structural modes in the 500 Hz and

L25O Hz t/3 octave bands. This groupíng appears to be responsíble for

the observed increases in pipe wall accel-eratíon and external acoustic

portrer radiation at these frequencies, for the range of flow speeds

Ín this ínvestígation.

The vane - spíndle assembly of the butterfly valve, on the-

other hand, splits the flow (see Figure 3.3) and periodic vortex

sheddíng into the wake and force fluctuatíons are Ëo be expected.

lhese force fluctuatÍons are produced at a díscrete frequency gíven by

SU
- oo
I-

t. ls.r1

where U^ is the mean flow speed, S is the peak Strouhal number associatedo^'o
with turbulent míxing, Ëypícally 0.20 (Goldsteinr p. 570, 1965 and

Beranek, p. 5L2, 1971-), and t. Ís a characteristic 1-ength (which ís

ín this case the- Ëhickness of the aerodynarnic disturbance, the vane

and spíndle, and Ís 28.5nrn). If a disturbance ís associated vrith thj.s

phenomenon its frequency will increase with flow speed.

For the butterfly valve used in this investigation, there is

a broadband íncrease in the wall- pressure flucËuations, at 1ow Strouhal

numbers, over that of undisturbed fully-developed turbulent pipe flow

(see tr'ígure 5.3). Ihis could possibly be assocíaËed with plane acoustíc

$raves, and wa1l pressure fluct.uation cross-correlations (as díscussed

ín Chapter 6) would have to be performed to confirrn this. However, the

correspondíng 1ow frequency increases in pipe wall acceleratÍon and

external acoustic radiaËion, for the butËerfly va1ve, shift to higher

frequencies as flow speed ís increased. Thís is apparent in the

t/3-octave spectra (see Figures 5.11 to 5,20) and Ís clearly illustrated

in the narror.r band spectra (see Figures 5.24 to 5.26 and Figures 5.30
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to 5.32). For this particular butterfly valve, where t. (as defíned

" in equatíon [5.1]) ís approximatel-y 28.5nur, the vortex sheddíng

frequency corresponds to 562 Hz, 984 Hz and L2L8 Hz for Mo = 0.218,

0.408 and 0.505 respecËívely.

As mentioned earlíer ín this sectlon (and as illustrated ín

Chapter 4), there ís a signÍfÍcanÈ grouping of resonant structural

modes in the 500 Hz and L25O Hz %-oct".r" bands, and the radíation

ratios of these structural modes are Dot negligibl-e (Renníson, L976).

It appears that the force fluctuatíons associaËed with the vortex

sheddíng and the plane acoustíc r¡raves at these 1ow frequencíes coupl-e

to these resonant structural modes and produce the observed Íncreases

ín pípe wall vibratíon response and external acoustic radiaËion. The

experimental- evidence suggesÈs thaË the vibration response and external

acoustíc radj-ation associated with Ëhe vortex sheddÍng domínates over

that associated with plane r,rave wa11- pressure fluctuatÍons in the same

freqeuncy band. From the |3-octave spectral measuremenÈs of the wall-

pressure fluctuaÈions (see Fígure 5.3) there is no evidence of any

discrete peaks at 1ow Strouhal numbers corresponding to the vortex

shedding frequencies; instead the spectra are broadband in character.

However, no narroÌv band measurements, whÍch míght have shown something,

were unde. The conclusion drawn from this observation is that the

fluctuatÍons associated with the voïtex sheddÍng are "submergedtt

trnder the wall pressure fluctuations associated with plane acousËíc

rraves, but despite this, Ëhey excíte the pipe wal1 far more efficiently

than the plane waves. ExËensÍve wall- pressure fluctuation cïoss-

correlations are required to further substanÈiat.e the above conclusions.

The results for the various flow disturbances investigated are

shor,¡n again in Figures 5.33 to 5.37 ín Èhe form of the non-dímensional

spectral density of wal-l acceleration 0.. and acousËic radiation Õ_eTr
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relative to the corresponding values for the straight pipe

I{O;L and (0"). I against the non-dimensÍonal frequency v; the corres-

ponding radiation raËios o/oo, (see equation [4.2]) are also shown.

These wíIl be referred to again ín the general discussion sectíon.

5.4 THE FLOW DEPENDENCE OF THE II{TERNAI øAtI PRESSURE FTELO

As dlscussed in ChapÈer 4, the power specËral density, 0p,

of the wal-1- pressure flucËuations assocíated with undisÈurbed fully-

developed turbulenË (straight) pipe flow scal-es as U3 at any given

Strouhal number. The por¡rer spectral density, ôp, of the wal-l- pressure

fluct.uatíons assocj-aËed with flow through a pipe, downstream of a 90o

nitred bend siales as U3 below the cut-off frequency of the first

hígher order mode and as Us at any gíven Strouhal number above íÈ.

In Èhis section, the flow dependence of the inÈerna1 wal1 pressure

fíeld downsÈream of Èhe other flow disturbances invesÈígaËed ís

discussed, and comparísons made wíth the straíght pipe and 90" mítred

bend.

For the two radíused bends ÍnvesËigated, the wall pressure

spectral levels (at X = 52,8) are simíl-ar Ëo those of straight pipe

f1ow. lhe bends generate a mild inLernal- aeousÈic fíe1d as can be

seen from the sound pressure level-s in the bell mouth inlet (see Figure

5. 1-0) . But, the pressure f luc tuations assocíated r'rith fully- developed

turbulent pípe f1-ow dominate the r¿al1 pressure fiel-d at al-l, excepË

perhaps at very 1ow, SÈrouhal numbers, and the contríbution from the

acoustic field is generally negligible. Hence, the spectral- density

of the wall pressure fluctuations dov¡nstream of the radíused bends

investigated v¡ou1d be expected Ëo scale as U3 at any given Strouhal

number.

Similar arguments can be presented for the 45" mÍtred bend

and the gate val-ve. The internal aeoustic fields generated are again
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comparativel-y mild and the wal-l pressure fluctuation levels are

gomparable wiËh Ëhose of straight pípe flow, particularly at frequencies

above the cut-off frequency of the first hígher order mode. Both

the 45o mitred bend and the gaÈe valve do however generate plane

acoustic hraves at 1ow Strouhal numbers (be1ow cut-off of the first

hígher order mode) whose wall- pressure fluctuations are 1-arger than

those assocíated with sÈraighË pipe flow at the same Strouhal numbers.

Results for (aO 0Oo) a8ainst lo8roMo (where tno t" the non-dj-mensional

spectral- density of the wall pressure fluctuations assocíated wíth

fulIy-developed ËurbulenË pipe flow at the same flow speed), are

presented in Figures 5.38 and 5.39 for the 45" míLred bend and the

gate valve respectively. The clata presented are for several lt-

octave bands at frequerr"ià" below and above the cuË-off frequency of

the fírsL higher order mode. At Strouhal numbers above the cut-off

frequency, the wall pressure fluctuations assocíaÈed with both devices

are simÍlar Ëo those associated wíth straight pÍpe flow. Bearíng Í-n mind

that coincidence of these modes and pipe wall modes can occur, the

impl-ication ís that the acoustíc components are very much less inÈense

than the turbul-ent pressure fluctuations. At these Strouhal numbers,

results are presented for Õn (ínstead of Õn - Õpo) a,gainst logroMo,

ln Figures 5.38 and 5.39. The non-dimensional spectral density of

the wa1l pïessure fluctuatÍons scales approximately as U! at al-l-'o
Strouhal numbers (above and below cut-off of the first higher order

mode). There is however soûe experirnental scatter, and thís ís evident

in Fígures 5.38 and 5.39. Since 0n is essentially independent of Uo

at most Strouhal numbers, Èhis ímplies that Qn scales approxímately

as U3 at all Strouhal numbers for both the 45" mi.tre<l bend and the
o

gate valve. Herrce, the overall mean square pressure p 2 scales as U4.

The butterfly valve generates both acoustíc plane $¡aves

and higher order modes, wl-rich rlominate over the wall pressure fluctuations
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assocíated with undísturbed fully-devel-oped turbul-ent pipe f1ow. The

'plane hraves generated are not as íntense as those generatecl by the

90o mÍtred bend. Results of (0 - 0 ) asaínsÈ logroMo are presentedP Po-

in FÍgure 5.40 for Strouhal numbers below and above the cut-off

frequency of the first higher order mode. The non-dímensional power

spectral densities of the wa1l pressure fluctuations scales essentially

as u! below cuË-off (of the first higher ord.er mode) and. as Ul aboveo'o
it for any given Strouhal number. This implies that 0n scales as U3

below cut-off for the first higher order mode and as Us above it, and

that p 2 scales as U4 below cut-off for the first hígher order mode

and as U6 above ít. This fl-ow dependence ís similar to that of the
o

90o ml-tred bend.

The wall pressure specÈra for the 55 rnrn orifice plate are

presented in Figure C-3 Ín Appendix C. It can be seen that there is

a considerable spread in the wall pressure fluctuatíons, Õp, at

Strouhal- numbers above the cut-off frequency of the first higher order

mode. The 55 mn orifíce plate is a strong generator of hígher order

acoustíc modes and the wa1l pressure fluctuations are strongest at.

these Strouhal numbers. ltris is apparent from the frequency weighted

pohrer spectral density in Figure C-5. The hígher order acoustíc modes

dominate the internal acoustic field whích is Ín dÍrect c.ontrast, to

the 90o mítred bend. As ín the case of the 90o mitred bend and the

butÈerfly valve the spectral density of the wall pressure fluctuations,

0p, scales as U3 at Strouhal numbers below the cut-off frequency of

the fírst higher older mode and as Us above it. Because the hígher orcler

modes dominate the spectra, it would be expected that the overall- mean

square pressuïe fluctuations p 2 scale as U6 (as opposed to Ua for the

90o míËred bend). Henc.e V'/\o r¡ill not be Índependent of Reynolds

number. This is íudeed the case as can be seen from Figure C-2.

In comparison, the 65rnrn orifice plate is not a str:ong generator
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of either plane v/aves or higher order modes. Thís ls evident from

'Figure C-4. Hence, as in the case of Èhe 45o mitred bend and Ëhe gate

valve, one could expecË the wall pressure spectral- density, 0p' to

scale as U3 at all Strouhal- numbers, and Èhe overall- mean square Pressure
o

fluctuations to scale as U4.

A summary of the flow dependence assocíaÈed wíth Èhe varíous

inËernal flow disturbances investigated is presented in Tabl-e 5.1-.

There appears Ëo be no published work available on the flow

dependence of the wall pressure fluctuations assocíated with various

internal flow disturbances. Gordon and Maidaník (1967), and Gordon

(1968 , Lg6g) r¡/eïe coficerned with spoil-er generated flow noise and in

particular with the acousËic power radiated by the turbulent flow

exhausLíng from the pipe. The acoustic po\¡ler radiated was found to

scale as U[ where UU ís the local flow ve]-ocíty in the vicinity of

the spoil-er. Hayden (L972) extended Gordon and Maidanikrs work and

concluded that the acoustic po\^reï radiaÈed by Ëhe turbulent flow

exhausÈing from Èhe pípe scales as U[ below the cut-off frequency

of the fírst hígher order acoustic mode ín the pipe and as Uf, above

it. Kuhn and Morfey (L976) determined that the exhaust from a pipe

ïun contaíning a 90o mitred bend produces radiated acoustic power

which scales as U6, where U is the flow velociÈy aË the pipe exit.

They were only concerned wj-th Strouhal numbers below the cuË-off

frequency of the firsË higher order acoustíc mode (i.e. regions where

onl-y plane \^raves can propagate) and they concluded that Ëhe plane

wave acoustic fiel<l insícle the pipe dominated thc acoustic radiation

exhausting from the pipe. As observed, Ëhere are differences ín fl-ow

dependence between the wall pressure fluctuations, as detelmined ín

thÍs ínvestigation, and Èhe radíat.ed acoustic power e:drausting from

the pipe as determÍned by Gordon and Maidanik, Hayden, and Kuhn and

Morfey. Morfey (p. 233, 1968) and Fuchs (1969) have. showr that the
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The flow de endence of the ctral densi of internal wall sure fíeld and the

overal-l mean uare wall essure fluctuations associated with the various flow
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sound po\¡rer travelling along a duct is increased by a factor of

(1+Mo)2 for the acoustíc waves propagating in the direcËion of

flow, and that iÈ is reduced by a factor of (1--Mo)2 fo, the acoustíc

hraves propagatÍng against Èhe di-recËion of flow. Alfredson and Davíes

(1970) investigated the radÍation of sound from an engine exhaust.

Ttrey reported that the nett acousÈíc enelgy flux out of the tail-pipe

depended on the mean flow and the reflection coefficient. They

developed an expressíon for this nett acoustic energy f1ux, whích ís'

2L3.

ls.2l
P2

1= r'm's' t(r+
Pece "o)' 

- R2(1-Mo)21

where P, _ is the root mean square ampliËude of the incident pressure
r.m.s.

\ilave at the exhausÈ outleË and R is the refl-ection coefficient. If

the end of the pípe Ís open (as in the case of Gordon, and Kuhn and

Morfey), for the no flow case, ít can be assumed that the terminal

Ímpedance is the same as that act.ing upon a piston mounted in an

infíníte baffle (Kinsler and Frey, p.199 ' L962) and littl-e Íf any

acoustj.c energy flux ís refl-ected, and consequenÈly almosË al-l of the

incident acoustic por¡Ier is radiated out Ëhrough the end of the pípe.

Alfredson and Davies (1970) showed thaË the magníÈude of the reflectíon

coeffÍcient at, an engine exhaust ouËLet ís greater than is predicted

for the zero f\ow case, and that the reflecÈion coeffícíent íncreases

wÍth flow speed. In Ëhe presence of a steady mean flow at ambÍent

condiËíons, the re-flection coefficient increases with fl-ow, from

that at no flow, by a factor of I + 2Mo. For the case of aír flowÍrtg

out of an open pipe (Goldon, Kuhn and Morfey), sÍrtce tl-re refl-ecl-ion

coefficienL l'-s negligible, for the no flow case, the effects of flow

on the reflect-ion coeffícíent would appear to be of second order for

M^ < 1. Hence. equation lS,Z1 reduces to
o
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ts. 3l

Hence the neÈt acoustlc energy fl-ux out of an open piping system rvith

flow, scales as (1 + Mo)2. For the range of flow speeds in this

Ínvestigatíon (Mo - 0.20 to 0.50) thÍs approximates "= " Mo'S dependence.

This additÍonal flow dependence does not totally account for the

difference between the flow dependence for Èhe mean square wall

pressure fluctuations (Uf ana UG below and above cut-off respectively)

and the acoustic poÍ/er radiated (U6 and U8 below and above cut-off

respectively).

s. s GEI'JERAI ,ZSCUSSI0N

5.5.1 90' Rc"diuse.d B¿nd,t

It has been shown that foï the 90o radiused bend wí.th

R/a = 6.4, both the acceleration response of the test section and
m

the acoustíc power radíated from ít are essenÈially the same as for

undisturbed fu1ly-developed turbulent pipe flow, ovel: the whol-e of

the speed range of the present tests. This ís consistent wíth the

wal1 pressure spectra for thi-s bend, and the observatíon that additional

acoustic radiatíon into the reverberation chamber due to the bend

fs very small. It ís clear that the flow disturbance produced by

bends of this radius ratío ís a rnil-d one, whích results in generation

of neíÈher a sígníficant wal1 pressure fíe1d nor a significant

acousËíc field as compared wíth fully-developed turbulenÈ pipe f1ow.

The most consísÈent and obvlous difference beËween the

results for this bend and those for undísturbed f1ow, is a slight

lncrease in acoustíc radiation for V values of 0.10 to 0.15. Sound

wil-l propagate in the pipe as plane \,raves íf lta. < 1.84 and as hi-gher

order urodes (r,ind plane waves) íf ka, > 1.84. For the ste-el test

secÈÍon used, the propagatíon of the lorrest of the higher order modes -

P2_ r.m. s.I=-
9ece

(1 + Mo)2
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the (1r0) mode - occurs tot u"o - 0.I2. The íncrease in 0r, referred

to 1s associaËed with thís (1,0) mode becouring propagational and with

the phenomenon of coincidence (discussed in Chapter 2), a conclusion

which is supported by the experimental results presented in Chapter 4

and by the discussion of the other flow disturbances in followíng sub-

sectfons.

As ln the case of the radÍused bend with R/a* = 6.4, there

Ís no signifícant dífference in eiËher acceleration response of the

test sectíon or acoustic radíatíon from it between the R/a* = 3.0

bend and the straight pípe, again with the except.ion of íncreased

radiatíon at frequencies in the range 0.10 < v < 0.15.

The flow dísturbance due to the n/am 3.0 radíused bend

gíves rj-se to sound pressures ín the ínlet be11-mouth and, ít may be

lnferred, also Êo an j-nternal acoustic fíeld, boËh of which have

consÍderably higher levels than Èhose in the straighË pípe; but even

so the wall pressure fluctuations associated with these acoustíc

leve-l.s (see Figure 5.10) do not dominate over the wall pressure

fluctuatíons âssocÍ.ated wíth straíght pipe flow. This is shown by

the fact that the wall pressu.re spectral levels associated ï/ith the

radíused bend are similar to Ëhose associated wÍth undÍsturbed fully-

developed turbulent pipe florv (see figure 5.5), except for slÍght

incr:eases at velîy 1ow Strouhal numbers.

From I'igures 5.33 and 5.34 ít can be seen that the efficíency

of the pipe as an acoustic radlacor (wlth the radfused bends) is otrly

greater than that of fully-developed turbulent pipe flow in the proximíty

of v = 0.1-0, where there is a consistent increase ín radiatíon ratio.

The low f::equency scatter ís fairly inconsistent ancl on the average

prodrrces O/O - 0 as in the case for V > 0.2O. The irnplication here
o

ís th¿t low frequency plane \,/aves and higher order modes above the

fírsL ((1-r0)) rrrocie, generated by the two radiused bends are of very
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low intensity and do not radiate any more efficiently than the

turbulenË pressure fluctuations or are non exístent, the (1'0)

htgher order mode being the exceptíon.

5.5.2 45" I,lví-tned Bønd

The 45o mitred bend produces no signíficant effect on the

po\lrer specÈra1- densiÈy of the acceleratíon of the pipe wall- or the

acoustic porüer radiation for V < 0.10 (as compared with straight

pípe flow). However, as the frequency increases above thís value,

there are increases in specÈral densíËy, coincídíng with Èhe hígher

order acoustic modes ín the pipe becom:íng propagat.ional-. As for

the case of the 90o mitred bend (Chapter 4) r this behaviour occurs

despíte the facË that the greaËest acoustie disturbance to the wa1l

pressuïe spectrum occurs at frequencíes which correspond to V < 0.10.

It can be deduced from Figure 5.35 that Ëhe 1ow intensity

plane T¡raves generated by the 45" miËred bend do noÈ radiate effíciently

(for V < 0.10) . It is clear that the consequent experimentally

observed increases in radiatíon ratio in the regíon of v = 0.10'

coincide with the (1r0) mode becoming propagational. There is a

suggestion of a further peak ín the experimental curves at the frequency

of the (2,0), (4,0) and (f,1) modes (bearíng in mind that the

experimental results are for %-octave bands), but aÈ these and hígher

frequencies, as the modes become closer together, the effects of

indivídual modes become less obvious.

As has been seen ín Chapter 4, the 90o mitred bend is a

sÈrong generator of low frequency plane acoustic Ìtaves in comparison

wÍth the 45o mitred bend. These íntense plane l¡ave-s generated by

the 90o mítrecl bencl corrple to the pipe wal-l and radiate more efficíently

than the turbulent pressure fluctuatj.ons (see o/Oo in Figure 4.44).

This ís in corrtr:ast to the 45o rni.t-re-d bend whi.ch does not radiate more
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efficiently than turbulent pressure fl-uctuations associated ¡¿ith

.straight pipe flow (see o/oo in Figure 5.35), except at frequencÍes

assoclated wíËh Èhe (1,0) and (2,0) higher order modes. This is

because Èhe l-ow frequency plane üraves generated by the 45o mítred

bend are very much less íntense Èhan those generated by Èhe 90o mítred

bend (see Figure 5.5) and the excitaËions produced by Èhe turbulent

pressure fluctuatíons dominate at these low frequencies.

5 ,5.3 ßu,ttenl¡.Lu Va.Lv¿

The butterfly valve, líke the 90o mitred bend, is also

responsible for the generaËion of a strong acoustic fíeld in the

pipe, as evidenced by sound pressure level measurements in the inlet

bel-l- mouth presenÈed in Figure 5.4L. At the híghest flow speed

invesÈígat.ed, some band levels are 40 dB or more greater than those

ín an undisturbed flow (see Figure 5.10).

In thís case, at all- flow speeds, there ís an ínc.rease in

the power spectral density of both Èhe waLl acceleraÈion and the

acoustíc po!üer radiation over those for undisturbed fl-ow, over Ëhe

whole frequency range, although, as ín the case of the 90" mítred

bend, the increase abruptly becomes much larger as the higher order

acoustic mode.s become propagational. This is il1usÈrated ín Figure-

5.36. There are also sígnifícant increases ín both the wall acceler-

ation and the acoustíc po\^/er radiaÈed at frequencies below the cut-off

frequency of the fírs¿ higher order mode, and as díscussed earlier in

thís cl-rapter these are attributed Ëo vortex shedding and p1-ane acoustic

r^raves, the vol:tex shedding dontínating. As can be seen from Èhe

radíation rati,cls (o/o) in Figure 5.36, these 1ow frequency excítations

radiate much mor:e efficiently than undj-stu::bed fully-developed turbulenË

flor+ excitatíon. As for the other pipe fittings, the (1r0) and (2r0)

higl-rer order modes also radiate more effícíenËly.
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5.5.4 Ga,t¿ Va.Lvø

The gate valve is a míl-der flow dísturbance than either the

butËerfly val-ve or the 90" mitred 
.bend; 

it ís responsible for the

generation of an inÈernal acoustíc fíeld with approxímately the same

magnitude as Èhe 45o mitred bend. The results of sound pressure

leve1 measurements on the pípe axis Ín the bell mouth inleÈ are

presenÈed ín Figure 5.42.

It can be seen, however, from Figure 5.37 that the character

of the pípe wal1 vibration and the external acoustic radÍation

produced by the gate valve is different from that produced by the

butËerfly valve, the 9Oo miÈred bend or the 45o mitred bend, in

that the low frequency increases of pipe wal-l acceleration and

acoustic radi-ation are of Ëhe same order of magnítude as the increases

for the (1,0) and (2,0) higher order modes. In fact, the 1ow frequency

íncreases are greater than those at frequencÍes above the cut-off

frequeney of the (2r0) hígher order mode. From Ëhe radiation ratio

(o/o ) ít can be seen Èhat the pipe is a parËicularly efficient
o

acousËic radiator at V = 0.055. The ÍmplicatÍons of these observations

are that the gate valve when fully open' whíle exciting the (1r0)

and (2r0) higher order modes efficiently, is not a strong generator

of many higher order modes. Perhaps this ís not surprisíng in that

one would perhaps expect the Ínternal configuration of the val-ve to

have some ínfluence on the degree of fl-ow exciÈatíon induced. hlhereas

the mitr-ed bends cause flow separaÈion and the butterfl-y valve ís

subject to vortex shedding from the vane, the fl-ow through the gate

valve ís noÈ subjected to any Íntense disturbance when the valve is

fu1-ly open, as íÈ does not represent a signífícant protrusion into

the flow in thís state.

In view of this, several experíments hrere performed with the

gate valv" "2/z open", so that the flow through the valve contractecl
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and separated. In this position the gate represented a partial

blockage Èo the f low through the valve, whereas in the t'ful1-y opent'

posítion, the gate is completely removed from the path of the fluid

flor¿. Figures 5.43 and 5.44 are narrovt band analyses of the pipe

wall- acceleration and the acousËic po\¡Ier radiated from the test

section with Èhe valve t'2/3 opentt. Comparing the pipe wall vÍbration

response in Figures 5.23 and 5.43 it can be seen thaË Èhe relative

contríbution to the spectra of the higher orcler modes ín comparison

wíth the lorv frequency plane \¡/aves is much greater in Èhe latter.

The same conclusion is reached by comparison of the exËernal acoustic

pov¡el radiated ín Figures 5.28 and. 5.44. The %-ocËave bancl spectral

measurements of Õ- and Õ', relat.j-ve to the corresponding value for

the straight pípe, and the corresponding radiation ratios, for the

gaËe valv" zfs op"n are presented in Figure 5.45. It can be seen thaÈ

the higher order modes dorninate the pipe wall response and the external

acoustic radíation in this case.

IÈ v¡í1l also be observed from Figure 4.44,5.36 and 5.37

(for the 90" mitred bend, butterfl-y valve and gate valve respectively),

Ëhat there is a general tendency for the amount by which the low

frequency (V < 0.10) radíatíon from Ëhe test secËÍon exceeds that

for the straight pípe at the same flow speed to decrease as the flow

speed íncreases. It would therefore appear, even though the spectra

of the wal1 pressure fluctuations all appear to scale in roughly the

same \¡ray wiÈh f 1o\^7 spee-d (for a parËicu1-ar pípe fitting) , the

effectíveness of the fluid dynamic pressuTe field in forcíng pipe

modes whicl-r ra<líate efficíent1y increases more rapídly with fl-ow

speed than does that of the plane v/ave comPonent- of the acoustíc

pressure fíeld; the result j-s a reduced relative contribution from

the low frequency acousti-c clísturbance as the flow speed is increased.
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5 .5.5 Sunmanq

Measured values of the effects of several internal flow

dÍsturbances on the wall acceleration of and the external acoustíc

radiatíon from a pipe carrying a turbulent air flow have been presented

ín this chapter. The disturbances produce acoustíc wal-l pressure

fluctuations, most of which are larger than those associated wíth

undisturbed fully-developed turbulenË pipe f1ow. In all cases, however,

enhanced vÍbrational response and external acoustic radíation are

observed r,rhen compared with straíght pÍpe flow. Effects are greatest

at frequencies close to the cut-off frequencíes of Ëhe higher order

inÈernal acoustic modes.

Of the several internal flow disturbances investígated, the

90o mitred be-nd, the butterfly valve and the 55 rnm orifice plate

(Appendix C) gÍve rise to íntense ínternal sound fíe1ds. The spectral-

densities of the wa1l pressure fluctuations associated with these

devices scale as Ul at Strouhal numbers below which the hígher order
o

modes can pïopagate and as U! at Strouhal numbers at which the higher'o

order modes are propagaËíona1. There are large increases ín external

sound radiation due to the vibrations of the pipe wall. Both plane

acoustíc T^7aves (at low frequencies) and hígher order modes are respon-

síble for these increases. In the particular case of the butterfl-y

valve, force fluctuations due to vortex shedding off the vane generate

additional J-ou' frequency pipe wall vibrations which dominate over the

plane lraves at these frequencies.

Thele í-s negligible plane !üave excitation of the pÍpe wa1l

ín the case of the 1+5o nritred bend although the higher order modes

are responsíble- for vibration and radiation increases at frequencies

above Èhe cut-off frequency of the (1,0) mode. Here, the spectral

density of the wall pressure fl.uctuations scale as Ul at all Strouhal
o

numbers.
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TLre gate valve in fÈs fully oPen state excites ProPagaËing

plane waves at low frequencíes. The (1'0) ar.d (2'0) hfgher order

modes are exclted, but the oçerlmental evldence suggests that the

other higher order modes do not contrlbute signíffcantly to the pipe

wall response. Ttre spectral density of the r^rall pressure fluctuaËlons

scale as U3 at al-1 Stroutral- numbers.
o

Ttre radiused bends do not produce any apprecíable lncreases

fn pipe wall response at any frequency, perhaps w1Èh the exceptíon

of a small increase ín Èhe fi1Ëer band contaíníng the (1,0) mode.

Here too, the spectral density of the wall pressure fluctuations,

ô-, scales as U! at all SÈrouhal numbers.'p- o



227 .

CHAPTER 6

T^IALL PRESSURE FLUCTUATION CROSS CORRELATIONS

6.1 INTRÙDUCTTON

As has been shown Ín Chapters 4 and 5, a flow disturbance

such as a mítred bend, a valve or an orifíce plate ín a pipÍng

system containing a fully-developed turbulent flow generates intense

internal wal1 pressure fluctuations. This in turn gíves rise to a

correspondingly increased pípe wall acceleraÈion and acoustíc

po!ùer radiaËÍon to the surroundings. Sufficiently far downstream

(or upstream) of the flow disturbance (away from any regions of

separaÈed flow ín the vicinity of the disturbance), the waI1 pressure

fluctuations are the sum of two pressure fields: a turbulent Pressure

field and an acoustíc pressure field. The acoustic pressul:e fíe1d

comprises contributíons from Propagating plane r¡raves and propagating

higher order modes. Longítudinal space-tíme cross-correlations of

the walI pressure fluctuatíons with appropríaÈe time delays and

spatíal separatíons, al1ow the acoustic pressure field to be separated

from the turbulent pressure field. Furthermore, cross-correlations

Ín a frequency band can also shor¿ whether the acoustlc energy is

being propagated in a plane wave mode or ín a higher order mode in

thaË band. This approach was origÍnally used by Goff (1955), Bolleter

and Chanaud (L97L), and more recently by Kanielis (1975); ít is

based on the assumption thaË the turbulent pressure fluctuations and

the acoustic pressure fluctuations ale uncorrelated.

In the presenË investígation, varíous techniques developed

by Goff (1954) and Karve-lis (L975) are extended and applied to the

particular case of the 90o mÍtred bend rdith the intenEion of
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identífyíng the contríbution of plane r¡üaves and higher order modes

to the wall pressure fluctuations Ín varíous frequency bands. At

low frequencÍes (k ai < 1.84), on1-y plane vraves can propagate;

these fundamental waves propagate in the axial direction with their

wave-fronts normal to the pípe axís and the acoustic pressure

uníform over the pipe cross-section. 'The mean-square acoustic

pressure, associated wíth plane láIaves (at frequencies below the cut

off frequency of the first hígher order mode) propagatíng ínside the

pipe can be extracted from the wa1l pressure flucÈuation cross-

correlaÈions (Karvelis, 1975). For k arÞ L84, the higher order

modes become propagatÍonal and these $Iaves reflect back and forth

from the pipe wa1l as they propagate down ít and here the wave

fronts (pressure distribution) are not uníform over the pípe cross-

section. Further, since the phase velocity of these higher order

modes is frequency dependent they are dispersíve in character. . For

these reasons the mean-square acoustic Pressure propagating ínsíde

the pipe carinoÈ. be obtained directly at Èhese frequencies by cross-

correlation techniques.

To predict the acoustíc radiation from, and the acceleration

response of, pipes dohtnstream (or upstream) of an internal flovz

disturbance, ít must be possÍble to cal-culaËe the dynamic response

of the pipe, wíth the wall pressure fluctuations as the forcing

function, Karvelis (1975) was mainly concerned wíth the mean square

acoustíc pressure ilrside the pípe and stated that the calculaÈion

of the pipe response Isas outside the scope of hfs investigatíon.

Hence hís work did not contaÍn any analysis of the components of the

wal1 pressure fluctuations in frequency bands cont.aíning higher

order modes. üIhíle observi-ng ttrat all the flow disÊurbances that he
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lnvestigated showed dispersíon ín the frequency bands where higher

'order modes propagate he did not atteÐpt to extracË in" irrai'tídual

components of the walJ- pressure fluctuations associated with the

various higher order modes. The wall pressure fluctuatíons due to

fully-developed Èurbulent pípe flow constÍtute a ttlower limitt' for

the pipe wal1 excÍËation. They have been experÍmentall-y ínvestÍgated

by Renníson (1976) and by Bul1 and Norton (L977), and are readily

available in a non-dimensional form. The plane tlave comPonent of

the wall pressure fluctuaËions ín fílter bands contaíning higher

order ¡nodes can be obt.ained from the cross-correlations (By Èhe

techníques applied by Karvelis (1975) to filter bands where only plane

wave propagation ís possíble). Karvelisrs statement that ít is not

possíble, due Ëo the díspersíon, to associate a peak value corresPonding

to the plane wave motíon ín these fil-ter bands that conËain hígher

order modes Ís noË correct because the group veloeity "g of the

higher order modes is less than the ínternal speed of sound "i, aL

which the plane rüaves propagate. Correlatj-ons to be presented ín

this Clrapter contain a clearly defÍned peak at a time delay

corresponding to plane wave propagatÍon ín all filter bands. Thus,

an estínate of the component of the wall Pressure flucÈuatíons

associated with the higher order modes in various filter bands can

be obtaÍned by subtracting the turbulent and plane ÍIave components

fron the total wa1l pressure fluctuations ín Ëhose bands. The

extraction of this information is useful 1n predictíng the pipe wall

response, as will be díscussed in Chapter 7. The theoretÍcal

background for the extracÈíon of the various componenËs of the wall

pressure flucËuatíons will now be discussed in this chapter and

experimental results presented for the 90o rnitred bend.
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6,2 THEORETTCAT EACKGROUÑ'

The wall pressure fluctuations in a piping system contafníng

various internal flow disturbances (away from any region of separated

florr ín the vicínity of a disturbance) are the sum of an acousÈic and

a turbulent pressure fÍeld. Both the acoustic pressure fluctuatíons,

ñ, and the turbulent Pressure fluetuations, Pt, are stochastíc

processes, being random functÍons of space and tíme. Furthermore'

the two variables are sÈatíonary in the wide sense (their expected

values are constant and their autocorrelatíons depend only on the

time delay r). ThaÈ is;

and

f
U{pt(t)} = I ptf(p';r)dp' = nr = constant

Ja

(-
u{ñ(t)} = I ñr6;t)dñ = ñ = constant

Jo

f: ptptf(p'rpt;È rt )dpt'dpl-t-2 -I 2 t 2 I 2

= Rptpt (t)t2

r* P õ f(ñ ,ñ ,Ë )dñ dõ
L212t

I 2 2

(t) t6.11

where f is the probabilíty density function, T = Ër-t2, and

p(t) = n(I;t) where x is a positíon vector and the asterísk (*)

denotes the complex conjugate.

The instantaneous wall pressure fluctuaÈion at a point x

at Èíme t, ís given bY

P
R-

P
I 2



237.

n $; t) = n' (I; t) + ñ (1; t) f6.21

The variable p(I;t) 1s also a random stochastic Process which Ís

st,ationary in the wide sense;

The cross-correlation of two arbítrary Processes, real or

complex, is defined in the space and time domain by;

n{*(t 
r 

) y* (t, ) } = R*, (E ,t ,,t ,) t6 . 3l

If Ít ís assumed that 5(t) and y(t) are ergodÍc wÍth

respect to the mean (time averages equal expected values or ensemble

averages (Papoulis, 1965)), Èhen

R*r(8,'r), andR*y(E't, 
' 
tr)

1

f:,Rxy
(6, t) = lirn

T+æ
2T I(t) y* (t+r) dt 16.4J

For the purposes of thÍs investigatíon, it is assumed that all the

varíous wa1l pressure fluctuation components are random, statíonary,

ergodic stochastic processes.

The longitudinal space-time cross-correlation of the wa1l

pressure fluctuatÍons can be expressed as

R--(E,r) = 1í", + [r p(t)px(t+r)dt , [6.s]PP--- T+æ ¿r l-T

where p(t) = n(Ir;t) = p'1Ir;t) + ñ(Ir;t) n*¡t+t) - n*(Iz;t+t)and

=p*t(x ;t+r) + þ*(x ;t+r). Furthennore for k a, Þ L84 , the
-z-za'

acoustic component of the wal1 pressure fluctuations, fl can be

broken up into a plane wave and a higher order mode componertE. Hence:

pPfr (x; t)
I^I

;r) + ñ".o. (1;t) for ka
l"

> r.84
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Ttrus,

ñ*.". c5;t) for k .l < 1.94.

t6.61

1,6.71

[6.8]

t6.el

*nn(E'r) = Rp'p'(t't) * *ñr.".ñr.*. tt'r) t *ñ".o.ñ".o. (E't) + 2Rp'ñr.". (E'r)

+

For T=0 and x =x
2

Rp p

and simflarlyt

I
2T

pt(*r;t)pt(x,;t)dt, (0,0) = llm
f+oo fl,

<Pt'> t

*ñr.".ñr.". to'o) =' ñ1.".t

R-
PH Þ".0

(0,0) - . Þ?, o t
o

If we define the correlation coefficient of ttto arbítrary randorn

Processres as:

*ntñr.*. (o,o) = ( Ptñr.I^t.),

*ñr.".ñ*.o. to'o' - ' ñr.*.ñ".o.) '

o*"(E,r) =

Rxy(E,r)

T"TT<T [6. 1o]
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then, Equation [6.7] can be re-wriÈten as

ppp(6,t)<p2> = gp,n, (E,t)<P'2 * oñr.r.ñr.*. ct,t)tñå.w.t

* oñ".o.ñ".o. t''t)'ñfi'o'' * 
'on'ñr.". 

t''r)<P "'\'i'p '*''4

+ zpp,ñr.o. (E,t) .p"r'"ril.o.r\ + zpip.".ñ".o.,t,rr.õå.", ,4.i1.

[6.11]

The correlation coefficient Ís a normalized quantity, and as

such its values will lie between -1 and +1. Random variables whose

correlaÈion coefficíent is zero are uncorrelated.

Goff (1954), Bolleter and Chanaud (1971) and Karvelis (1975)

in utilizing wall pressure fluctuation cross-correlations to separate

the acoustic component. and the turbulenL component. of the wal1 pressure

fluctuations, made the assumption that the turbulent and acoustíc pressures

are uncorrelaÈed. Karvelis (1975) puÈs forhrard two argumenËs for Ëhe

above statemerit: (i) Turbulent pressure flucËuat.ions are an

exponentiall-y decaying random field convected at a Large fraction of

ttre mean veloci-ty, whereas acoustic pressure fluctuations propagate at

the local speed of sound. (íi) Interaction beËween turbulent and

acoustic wa1l pressure fluctuatíons is of the second order since their

length and time scales are not of the same order of magnitude.

Ttrus pt and ñr.". or p' and ñ".o. are uncorrelated

and the 0 r- and O ,- terms Ín equation[6.11] are zero. The' P'Pp.t¿. ' P'Pn. O.

group velocity of the tr-igtrer order modes CtÏre velocity at which the

energy associaÈed r¿itl¡- tlre higher order modes propagates) is always less

than the speed of sound .i, hence interaction between plane wave wall

l4

o
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Pressure fluctuatíons and higher order rnode wall pressure fluctuations

is also of tlre second order Ci.e. their lengttr- and time scales are not

of the sa$e order of magnitude). IIence, ñp.w. and ñ".o. are

uncorrelated and the p- :, term in equation [6.11] can be'Pp.tr.Pn.o.

assumed to be zero also and equation [6.11] reduces to

PP
(t)<p'> = gp,p, ct)<pt2> + oñr,*. (t) <õf,p

Pp.w.

* oñ". 
o. ñn. o. 

(t) <ñfi

0n (E,n,ur) = ón (o) ""n(-"
rlEl _. olnl q)

ï^I

o l,6.tzl

several studies have been made of the statistícal properties of the

fluctuating wall pressure field associated with a turbulenL boundary

layer and fully-developed turbulent pipe flow, for example Willmarth and

I^Ioolridge (1962>, Bull C1967), Coreos (1963) and Cockburn and Robertson

(1974). In general, these indicate Ehat Ëhe cross specËral density of

the wa1l pressure field, for both types of fl-ow can be faírly well

represented by:

+i t6. 131
xU c c

where E and n are spatial sepanaËions in the x-direcÈion

(longitudinal) and y-direction respectively and U" is Èhe convection

velocity of the pressure field aË frequency ûJ. fhe correspondíng

narro\^r band normalLzed space-t,íme correlation coefficienË ís

. sin Ar¡/2 Ct-to')

Uv

( -" ûrlEl -. ehl-\.
\xUYUl\ c ct

9p rp, C6 rn,T ;ol) = exp

)
)Nt:/2(r-r

P

coso(T -r
P

16. 141
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This can also be \^rriÈten as

px Ct,t;r¡) exP

p (E,t;o)
X--

PP

where for plane l'raves

Lry - L-P Pp.w

=p CE,t;t¡).pgprp'('Ern,t;tl) Cnrt;r¡) 16. lsl

Í6.r71

[6. 1B]

tx
P

rp

wtrere the normaLized longitudinal space time correlaËion coefficient fs

PP

PP

sin Ár¡/2 (t-to r )

N':/zj-r )
P

cos t¡ (t-t ) t6. 161
P

lttrere Ào is the bandwidth, cx = 0.10 is an experimentally determined

constant and T = ElUc

Karvelis (1975) has derived an expression for the space-tíme

longitudÍnal cross-correlation coefficient of acoustic waves of random

phase and aurpliÈude, r¿here there is a unÍform mean flovr, in a filter

band At¡. If we assume anechoic termínation (i.e. there is no reflection

of the propagating acoustic r^r'aves, as is approximately Ehe case with

choked r'ozzLe flor¿ because Èhe acoustic hraves cannot propagate back

UPSËream past the nozzLe throat., where the flow is soníc), then Karvelisrs

expression can be simplified to

P

and for higher: order modes,
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T-p L-
Pn.o.

[6.1e]

Í6.2r1

The peaks of the various longitudinal cross-correlation

coefficients occur when t = ap,, -¡ , etc., hence;

p (6,t;r¡)
peak .*n(-o. t edrl)o(r-tn, )

P
x

P
I

o'x-
Pp.w.Pp.w.

(E,t;r¡)peak = u,.-.õr.*.,

and p [6 .20]

It should be noEed that if Ao Ís chosen appropriately then the

respecÈive peaks are disËinct and sharp; the ôts are noË genuine delta

functions but the maxima of well behaved and damped cos('r-tn)

correlation funcÈions (See Bull, 1967).

Thus, equation 6.L2 reduces to:

x- = 
(E,r i.u) peak = u,t-tñ".0.,

Ptt. o. Pn. o.

(t)<p2> = exp (o.t +)r(t-tn,).p,',

+ 6(t-r- )<õ-2Pp.w. - r > + ô(T-t-
Ptt. o.

)<

p
PP

I,[ På

It strould be noted that Equatíon 1,6.2\ is based on the

f ollowing assumptions :

Cl) The turbulent flow and the plane lüave conLributions to the wall

pressure fluctuaËÍons are uncorrelated.

CZ) The turbulent flow and the higher order mode conÈributions to

th.e wall pressure fluctuations are uncorrelated.

C3) The plane wave and ttr-e higtrer order mode wall pressure fluctuaÈions

are uncorrelated.

o
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(4) The. choked ¡ozzLe in the sysÈem hehaves as ¿m aneclroic

' ternination; he.nce there are no reflections of the propagating

acousËic T,{aves.

C5) Only the peak cross-correlation coefficients (whiclr- are

associated Ír-itIr- tÏre various time delays corresponding to the

various modes of energy propagation) are relevant to the

eval-uation of tfrc componenÈs of the wall pressure fluctuations

associated \,rittr- tlrc various modes of energy propagation

CturbulenË, plane wave and high-er order mode wall pressure

fluctuations) .

Figure 6.1 is a typical correlogram, for M0 t 0.20, E = 5.186m

and a fi.lter band of 709-7472 IIz (1000 ITz octave). I{ere, since

k a- < 1.84, only plane wave propagatl-on is possibl-e and because of theI

large separation dislance, the turbulence ís essentially uncorrelated.

Ttre peak at T æ I2.2 msec. corresponds to plane r^r'ave propagatíon

,.ñr.*. = 6/cr(1+l,to)) in Èhe positive longitudinal (x) direction and

the peak at T ^, 33.7msec. corresponds to Ëhe positive tíme delay

associated \^rith the ref lected r^¡ave propagating past the tr^ro Èransducers.

This latter time delay can be represented as

T- , Í6.221
Pp.w. -

where E^ is the disÈance from the downsÈream transducer to the
I

anechoic terminatíon (Ef o 3.5 m for this experimental set up). The

absorption coefficient of the termÍnaËion, o,, is the ratio of the

absorbed energy to the incident energy and can be related to th-e incident

and reflected pressure \daves. ![e have

{ñ"
cr=1-Z-rr=1-T2, 16.231-P+
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where r is ttre magnitude of ttrc refle.ction coefficient.

" Karvelis C1975) tras shor,m th.at the real part of tfre reflection

coefficient, r cosQ (wñ-ere 0 is the complex phase angle of the Èermination

flrpedence) , is tlre ratio of ttr-e .orràl"tion peak associated w'ith the

reflected wave t.o thaÈ associated rrrith the Íncident r^Iave; that is

r cos 0 = P,tñr.*._, / o(tp.*.) 16.241

FromFigure6.l, g(t: )=0.553 and p('r: )=0.246.Pp.w. Pp.w. -
If we assume th¿'t. cos Q = 1.0 Cor -1.0), corresponding to a maximum

real part of the correlatíon coefficienË, then o = 0.802. The intensíty

of the reflected rr¡ave is thus ^r 7.0 dB less than that of the fncidenÈ

wave for M tu 0.20. Fígure 6.2 Ls a correlogram for M tu 0.40, all
0-*0

other variables being the same as in figure 6.1. Ilere p(t: ) = 0.686
Pp.w.

and pC'r: ) = 0.138, gíving s = 0.956. Ilere, the inËensity of' - PP .lÀr. -
tTre refl-ected ¡¿ave is 14.3 dB less than that of Ëhe incident wave. The

absorpt.ion and reflection coefficienÈs are approximately the same Ín all

frequency bands of interest so that the values just given are typícal

of all filter bands. Thus it can be assumed in general that any

correlation peak associated lrith a reflect.ed wave due to the Èapered

entry to tt¡-e nozzLe throat is of a second order and the assumptÍon that

the choked nozzTe represents an anechoic termination, and that there are

no reflections, is justifíed. Table 6.1 lists the absorptíon coefficients

Ca) and the reflection coefficients (r) for four flor^r speeds for the

500 IIz and 1000 ltz octave bands.
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TABLE 6.1

EstÍmated absorption and reflection coefficienËs

for several fl-ow speeds

M Octave fil-ter
Cnz)

500

1000

s00

1000

500

1000

500

1000

r cl 10 l-og (1-a)
10
dB

5.1

7.4

7.5

L2.L

8.3

L3.6

L2.L

L4.3

0

o.20

0.20

0.35

0.35

0.40

0.40

0.50

0.50

0.557

o.445

o.424

o.247

0.385

0.201

o.246

o.192

0.690

0.802

0.820

0.939

0.852

0 .956

0.939

0.963
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The wall pressure fluctuations due to a fully-developed

turbulenË pipe flow as discussed in Chapter 4 constitute a lower límiÈ,

wtrich îs readily availabl-e in a nontimensional forrn that is Índependent

of flow' speed and pipe diameter. Ilence, the turbul-enË wall pressure

fluctuations <pt2> can be readily esÈímated in any frequency band.

Plane wave contributions t.o th.e Èotal wall pressure fluctuations can

also be estimated using equation

Ilere, equatíon Í6.211 becomes,

16.211 at . = .ñr.*. = E/", (1+14 ) .
0

16.251

Because of tlre dispersíve nature of tt¡-e futgher order modes, no particular

time delay can account for all of the wa1-l pressure fluctuaËions

associated r^r-ith them in a particul-ar fí1ter band.

For k "i 
. 1.84, no higher order modes exisË and for k a. Þ 1.84,

the number of hígher order modes in a particular fil-ter band will depend

on the band widtt¡- and its centre frequency. The wa1l pressure fluctuations

associated with hÍ-gher order modes in a particular filter band can be

estímat.ed by subtracting the turbulenË and plane \^rave components from

the total wall pressure fluctuations.

ñ*.o. (1;t) = e(5;t) - (p'(5;t) + PP r. (1; t)

o(rñr.*.r.n" =.ñå.*.t

or

=Q

t

for ka.Þ1.84
l_

for ka.<1.84
1-

16.26(a)1

for k a.)- 1.84
].

.ñå.o.r = <p2> - C<p'2> + .ñå.r.r)

for k a.I < 1.84

I6.26 (ó) l

=Q
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The wall pressure fluctuations associated witfl- tïre first order

mode, the. C1r0) mode, ca¡r be es'timated fairly readîly, using th-e

meÈhod described, in a filter band containÍng no oùher higher order

modes. In subsequenË bands containing other lr-igher order modes (e.g. a

filter band containing th-e C2,0) mode and some contribution from the

C1r0) rnode), the contributions to the wal1 pressure fluctuatÍons from

preceding higher order modes cannot be separated from the particular

hfgh-er order mode of interest. Tfrus, only the intensity of the wa]-l

pressure fluctuations associated w-ith all- the higher order modes in Ëhese

filter bands can be obtained. l.Ihile this is a limitation, the information

extracted is useful in predicting the pipe wall response and hence the

acoustic radiatÍon in various filter bands containíng one or more

higher order modes. This is discussed in detail in Chapter 7.

6.3 DTGTT^L TECt-fl\ri0_UES

Th-e wall pressure flucËuation cross-correlation discussed

in Ëhis clr-apter were performed on the Control Data Corporation CYBER

173 eomputer of the University of Adelaide utÍ.Lizíng digítal cross-

correlation techniques. Tfuis involved the dígitalízation of the

analog wall pressure fluctuation sígnals (obtained from the pi-ezo-

electric crystal transducers using the general data acquisítion system

described ín CLr-apter 3) , digitally filtering Ehe data Ëo Lhe required

filter bandwidth and cross-correl-atíng the t\.ro f iltered digítal signal-s.

Ttr-e digiÈaLi.zed sample records consist of díscrete time series values

representing sarnple records from a statíonary, ergodic, random stochastíc

process. Figure 6.3 is a schemaËic diagram illustrating Ëfre key steps

in tÏ¡-e data acquisÍtion and in the processing of ttre wall pressure

f luctuation cross-correlations.
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6. 3, 1 Stø-Lí'sLLca,L ConsídeltafÌons

The analog signals from the waIl pressure t.ransducers were

stored on magneÈic tape using a lrewlett packard 3955A frequency

modulated recording system. rfre tape recorder provided a o-2olGrz

frequency response bandw'idth at 60 inctres per second w-ith an F.M.

centre carrier frequency of 108 kHz and a signal to noise ratio of

48d8. The taped signals were then passed through an analog dual 4-po1e

ButÈer:qrortf¡- filter at ZokJrz and dígit aLized (sampled) on a general

Purpose data acquisition system at S}kLlz (zo x 10-6 sec) correspondÍng

to a Nyquist or folding frequency (fn) of 25ktJ'z where

16.271

and h is tlrc sampling or digitalizírtg ínterval. This was done to

overcome the well knor.rn 'raliasingtt phenomenon. Thís ís well described

by Bendat and Pierson (1966) and if not Èaken ínto account wíll give

rise to inaccurate dígíÈal reproduction of the analog signal-. The

analog to digital converters used r¡ithin the data acquisitíon system

were the ADC-IIYI2BC nodels q7-ith B bit converters and a conversion time

of 4 psec. Negligible energy exisÈs r¡rÍthin the wall pressure flucËuations

at frequencies corresponding to the conversion Ëime. For B bit

resolution, quantizaLion errors are negligible and quantizatíon and

conversion time (aperture time) errors are essentíally uncorrelated

with the signals and with themselves. (llindrow, 1956 and Inlatts , 1962) .

rf r^¡e consider the <1uantízed signal xt (or yt) to be the original

signal x (or y) plus an aclditive e* (or .") due to quantization

and aperture time errors such- th.at,

xl =x*e

,
c_rN- 1

2r,

x
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and yr=ytâ"r 16.281

tt¡-en Èhe normalized correlation coefficient between the two quantized

variables is

= o*ct) * g*, Ct)+pv€'x
(r)+p Cr)P*r"' (r) ergxyv

= Pð¡(r) 16.2el

since p (t) p Ct) ",o (t) - o.xg ye êexyv x

Às an illustration thaË the system used functions correctl-y

and gives satisfqctory results, Figure 6.4 is the spectra of the pressure

transducer volt.age output as a function of frequency, for Mo * 0.40.

IÈ compares the. spectra obËained from direct analysis of tlr-e anal-og

sÍgna1 CF.M. Tape Recorder) by a Brüel and Kjaer Real Time J-ocËave

Analyser with ttr,e spectra obtained by the digirized version of the same

analog signal being fed ttrrougÏr- the digital to analog converter on the

data acquÍsitj-on syst.em and then on to the real time analyser. There

is excellent agreement beLr,reen the tr¡ro spectra (10.5 dB) up to I6kHz.

Another imporËant factor thaE has to be considered is the

selection of the fílter bandwidth and the separation distance between

the two transducers. A problem arises in Èhe detection of the

appropriate Èíme delays if the separaËion distances are not adequate,

thus preventing identificaËion of the peaks. I^lÏrite (1969) has developed

a criterion whereby an envelope is cornpletely unambiguous íf it deeays to

a value less ttran one-tenttl of Íts peak value by ttre tirne it gets to

the adjacent. patfr- delay time. For plane acoustic ür-aves and turbulent

wall pressure fluctuations, Ëhis criterion yie-lds
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Àtt E Þ6c
I [6.30]

Because of the dispersive naÈure of the higlrer order modes

(the phase velocity is frequency dependent) it is also desirable Ëo have

tlre transducers suf ficient,ly separated so th-at'ín frequency ranges where

ttre group velocity is approximaÈely constanÈ (sufficiently away from

cut-off such that .g approactres cr) the tíme delay associated with

plane \{ave propagation can be readily deËected. It should be remembered

that the group velocity of the higher order modes cannot be greaÈer than

or equal to "i., IIence, for higher order modes and plane acousÊic waves,

I,¡hirers C1969) crirerion yields

At¡ E
1-, G )- 6c

/__l__\
\u (u +r) /'0 0

(t't +c) cM +1) it [6.31]
0 0

where G=c/c"g'-i'
Finally, there is a statistical uncertainty related to the

correlation estimat.es themselves, and one is interest.ed in the

equivalent resolution bandwidth B" and the sampl-e length T, requíred

to keep within a particular level of normalised standard error t,

where,

È-- h7B T'er Í6.321tr

and B" = l/rntr-, T, = Nh, m is the maximum number of correlaËíon lag

values Cm = t'n"*/h) and h is the sampling or dígitizíng interval.

This is we-ll discussed in Èh,e lÍÈerature and in particular by Bendat

and Pierson C1966) and Kj¡rns C-1973). A normalised standard error of

e_ = 0.10 was deemed sufficient for our purposes (see Be-ndat andr



25]-.

Piersol,

6 :3.2

Chapter 6).

ïinøaL Pkn¿ø D.î.glfaL FÌ,ttuts

The wall pressure fluctuation cross-correlations in the

various filter bandwidth,s discussed in tt¡-is chapter have Ëo be obtained

by digitally filterîng ttr-e data to tlre required fîlter bandwidth, and

cross-correlating the two filtered digÍtal signals. Recursive digital

filters r,¿-itÎr- linear phase cÏraracterisËics as described by Lynn (L972, 1970)

and Thomas (7977) have been used. A línear phase response means that

all the frequency componenÈs that constitute the inpuË signal are

tíme shifted by tlre same amount vflen passed through the filter. The

filter is th-us fiee from phase dístortion and can be made physically

realisable by accountíng for tfuis tíme shíft (phase shift). Ilence

the filter can be made Ëo have precisely zero Ëime shift.

Línear phase digiËal filters can be descríbed ín the z-pLane

' it¡Tvrtrere z = e'--, û) is tlle circular frequency, T is the sample

period, jz = -I and, the z-transform theory used is the dígital

equivalent of Laplace transform theory. Ihe filters make use of z-p1.ane

zeros equally distributed around a uniË circle, whích are cancelled ín

one position (trl = 0) by a coincident pole (or poles) giving rise to

a recursive 1Ínear phase digital filter of the low pass reaLizatíon

wlth- a passband centred upon o = 0. The particular low pass

realization filt.er transfer functíon tb-at was used is the same as that

used by Thomas CL977) and can be expressed as

I6.331

wtrere k is the order of the filter and n is'tÏre number of

rL(z) = [#, f

applications of the. filter. Raising ttre transfer funcËion IICz) to
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the i-nteger power n sharpens the cutoff and reduces the filter

sidelobe levels. The tÍne domaÍn operaËion Cdifference equation)

corresponding Ëo equation [0.¡¡] can be derived by inspection (Lynn,

1970) as

Ii+1 = )ri * xt*O - x. t [6.34]

wfrere x and y are tlre input and output respecÈívely. T[re time shift

througTr tlre filter is n(k-r) /2 and by approprf-ate choice of n and

k, this can be made an integer. Thus phase correction and physical

realízation may be made by tirne shifting each sample by the correct

amounÈ (Thomas, 7977).

If fl is defined as the low pass breakpoint, and fn as the

high¡ass breakpoint (where Èhe breakpoint is the point in the frequenc!

response at which tlrere is a 3dB drop), then a required filter

bandwidth A.f for cross-correlaÈÍng, where Àf = f, - f" and fL > fH,

can be obËained by the followÍrrg process.

(") Applyíug the low pass filter to Ëh-e original data array

(array 1) at fL.

Cb) Applying the low pass filter ro rtre fL filrered array

(anay 2) at fU to produce array 3.

(c) SubÈractin1 atray 3 from array 2 to yLeLd the band pass

fíltered atray, where Af = f" - fH.

Figure 6.5, illustrates Èhe above steps sctrematically and TabLe 6.2

lists tfre 3dB cut-off for several values of rr and k. Ihe response

of the transfer function (Equation t6.331) to a sËep input for n = 4

and k = 4 is' str-own in Figure 6 .6 .
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TABLE 6.2

3ß Cúf:oll Fn¿quenctf lon ¿øvti:tia.L DLà.UaL

fLUaú U,sød.

nRequired Frequeney
CHz)

355

709

787

890

7r22

r472

2280

2820

3550

446A

5680

4

4

4

4

4

5

4

4

4

2

2

k

35

18

l6

L4

11

7

5

4

3

4

3

3dB cut-off
çnz)

3L2

6r4

684

780

960

L+22

2r94

2800

3004

45 10

58L7
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It st¡-ould be noÈed Ëh^at the output h¿s been ph-ase shifted by

n(k-1)/2. A typical frequency response for this transfer funcÈion

(Equation t6.331) is shorm in Figure 6.7 wtrere n = 4, k = 4 and the

3dB point corresponds to 3004 Hz.

A bandpass filtered signal l^ras correlated wiËh the unfiltered

sÍgna1 and tlre correlogram, Figure 6.8, peaked aE zeto time dèlay and

was s)nnmetrÍcal about thaË value. This indícated that the programming

of tlre dÍgital filter r^ras correct. and that Lhere Ì¡ras zero phase shift.

To f urther ensure that the programming of ttr-e correlation vras correct,

a square wave input signal was correlated lrith itself. The correlogram,

Figure 6.9, consisted of a triangular wave form of constant amplitude,

r,¡hicl¡- is the correcË autocorrelatíon function for a square \^rave

CNewland, 1975).

6.4 CROSS C|JRRELATTOÑS ASS()CTATED WTTH A 9OO MÍTRED ßEND

As mentioned in Ëhe introduction to thís ChapËer, cross

correlation techniques for analysing the propagation of energy Ín the

pipe flow systenr were confined to the partícular case of the 9Oo rnítred

bend. The theory described in sectíon 6.2 could be applied to any

ínternal flow disturbance, and the 90o mitred bend was chosen because

It represente.d a severe flow disturbance. The constraint of time was

the only reason that the other flor¿ dísturbances were not considered

but tf¡-e results presented in this chapter form a useful base from which

a detailed invest.igation of various inËernal flow disturbances could be

undertaken.

The wal1 pressure fluctuat.ion cross-correlations r,rere obtained

for several flow speeds Cto t O.20 - 0.50) and for four transducer

spatial separations' (E = 5.186rn, 3.182m, 0.187m and 0.036 m). For ttre
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E",= 0.036 n case, equation [6.30] was not satisfied for varÍous ocËave

and å-octave bands of Ínterest. In tfrcse bands, the transducer

separation \^ras insufficient, tfrus preventing identification of true

peak values. Ilowever, the t.urbulent pressure fluctuations are sÈill

correlaÈed to a significant extent at this spatíal separation (nul1, 1967)

and one would expect to be able to detect a peak aË the appropriate

tîme delay even thouglr- the actual numerical value of the correlation

coefficient would be "cont.aminat.edn due Èo the insufficient transducer

separation mentioned above. Figures 6.10, 6.I1 and 6.I2 are correlograms

for M tu 0.40, e = 0.036m for the 1000 IIz, 2000 Hz and 40OO Hz octave
0

filter bands respecÈívely. Ttr-e primary peak at r- È 0.04 msec can
Pp.w.

be associated with plane llaves and the secondary peak at tp, o 0.36 msec

can be associated with turbulent pressure fluctuations, bearing in mínd

that both- peaks are contaminated. It is ínterestÍng t.o noËe Ëhat a

peak associated with turbulent pressure fluctuations cannot be detected

ín ttrc 1000 llz octave filter band. AÈ these low frequencies the acoustic

pressure fluctuations are of the order of. I2-L6 dB above the turbulent

pressure fluctuations (Chapter 4) and no higher order modes exist.

There is st,rong p1-ane r¡rave correlation, and the turbulence is undetectable

as it is submerged in the oscillations of the 1ow frequency plane wave

envelope. In tfre ottrer two octave bands, ttre wall pressure f luct,uations

conÈain contribut.ions from all three conponen-ts and the plane r¡Iaves are

not dominant. Ilence a peak associat.ed with Ëurbulent pressure fluctuaËíons

is detectable.

For a transducer spatial separaÈí-ons, 1, of 0.187 rnt

equation [6.30] is just satisfied in some octave bands and generally

not satisfied in most å-octave bands. Furttr-ermore, equation [6.31] is
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not satisfied and lrence the ti¡ne delay associated r,,rith plane wave

piopagation canriot be readîly detected in filter bands containing

hJ-gher order modes. Ilor¡ever, at this separation there is a very srnal1

turbulence correlation and a distirrct peak at. a Èime delay associaËed

wlth- plane !ù-ave propagation can be observed in filter bands wh-ere

k a- < 1.84. Figures'6.13, 6.14 and 6.15 are correlograms forI

M^ ^, 0.2O, Ç = 0.187 m for the 500 IIz octave, the 800 IIz J-octave and
0

the 1000 IIz J-octave filter bands respeetively. Tfre peak at T = 0.46 msec

corresponds to plane wave propagaÈion (t= = E/c.*tJ ) and it isPP'w' -'L o'

very well defined. There is also quite hígh correlation, confirming the

Presence and dominance of plane \¡raves at these low f requencies. Figures

6,L6,6.17 and 6.18 are correlograms for 
"o 

* 0.40, 6 = 0.187 m for

sinilar filter l¡ands as in Èhe previous three figures and the peaks at

T = 0.39 msec correspond to plane wave propagat.ion. Figures 6.I9,

6.20 and 6.2I are correlograms for }fo "r,0.29, 6 = 0.187 m for the

2500 Hz *-octave, 2000 IIz octave and the 40OO Hz octave filterbands

respectively. Propagating tr-igtrer order modes are present in these

filter bands; lrcnce the dispersion of the correlation curves. The

time delay associaEed with plane r¡rave propagation (t- = o.46 msecs)- Pp.w.
cannot be readily detected because of the Ínsufficient transducer

separation. Figures 6.22,6.23 and 6.24 are correlograms for Mo * 0.40,

t = 0.187 rn for the same filter bands as in the previous three figures

(t; = 0.39 msec).
rP.I^1.

The i.mportanË point to be made regarding the series of

correlograms presented for E = 0.187 m, is that wLile the separation

distance is sufficient to isolate the plane w'aves frorn the turbulent

Pressure fluctuations, it is ÍnsufficienÈ to isolate the plane \^r'ave.s

from Èhe dispersive highe.r order modes. rn parti-cular for: the Mo r 0.40
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case CFigures 6 .22 to 6.24) tlrere j-s no peak at T = 0.39 msec

corresponding to plane wave propagation implyÍng that oscillaËions in

tfre correlation curves due to the dispersive higher order modes prevent

identification of the plane wave peak. Irence, Ëo extract Ëhe plane

vrave component of tlre wall pressure fluctuations în fil_ter bands

contaîning higher order modes is is imperative that equation [6.31] is

satisfied.

Thus, it was decided that a fairly large transducer separatíon was

essential , and tr^ro particular separat.ion distances r^rere chosen:

Ci) E = 3.182 m. and (ii) E = 5.186 m. The first separatíon distance

corresPonds to the span of the thin-walled test section (ìncludíng the

two inst.rumentation sectíons on which the transducers were mounted) and

the second corresponds to Ëhe span of the thín-walled LesÊ section and

a section of pipíng upstream of itr 2.oo4 m 1ong. For both separations,

cross-correlations were performed in several octave and å-octave bands.

Figures 6.25, 6.26 and 6.27 are correlograms for M0 tu 0.40, E = 5.186 m

for the 500 Hz octave, 800 Hz \-oetave and 1OO0 Hz J-octave filter bands

resPecÈively. The well defined pealcs at t = 1O.B msec corresponds to

plane r^Iave ProPagation, which once again confirms earlier conclusíons

that the plane waves dominate the wa11 pressure fíeld at these l-ow

frequencies (k ai < 1.84). Similar results are obtained for a spatial

separation of E = 3.182 m. Results are pre.sented for to * 0.2O, O.4O

and 0.50 for several octave and å-octave filter bands ín Figures 6.28

to 6.33 wrrere T- = 7.6 msec, 6.63 msec and 6.14 msec for ttre three
Pp.w.

flow mach numbers respectively.

Tlre main objective in doing the wal1 pressure flucÈuations

cross-correlations was to extracÈ Ehe plane \¡rave component Ín filter

bands wtrere Ic a. Þ L.84, The results presenËed so far (for k a. < 1"84)
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are in close agreement r,rittL preyiousl1r publ.I.shed rn¡ork CKarve.l-is, 1975),

a+d this provided arnple proof th.at tILe data acquisition, digital

filtering and cross correlation compuÈer programs lrere free of any

faults. Detailed cross correlations rr-ere then performed in several

octave and å-octave filter bands. A typical selection of results is

presenÈed for 
"o 

t 0.2O, O.40 and 0.50 for t = 3.182 m and for

M tu 0.40, E = 5.186 m for several- ocËave and 3-octave bands in0'

Figures 6.34 to 6.50. Three immediate observations are Èhat (1) there

are distinct peaks at th,e appropríate time deJ-ays correspondíng to plane

wave propagation (2) th-e correlation curve is dispersive at. Èime

delays > T- , and (3) ttre magnitude of Èhe correlation coeffícient' Pp.w.
corresponding to plane r^rave propagatíon is independent of spatíal

separaLion (provided equarions [ 6.30] and [6.3il are satisfied). The

third observation confirms that. the plane \¡raves propagate essentially

unatLenuated down the pipe (the correlation coefficient associated wÍth

plane lrtave propagation is dírectly proporËional to the component of the

wall pressure fluctuations associated with Ëhe plane \¡raves and hence

ttre corresponding sound porrer in the duct (see Section 6.2)). Furthermore-

as ttre center frequency of the fítter bands íncrease the component of

ttre wall pressure fluctuations associated with plane \¡raves decreases.

Typical examples are Figure 6.38 for the 8000 IIz octave, Fígure 6.50

for the 5000 ilz }-octave and Figures 6.35 and 6.44 Í.or the 4000 IIz ocËave

filter bands. The implications of thís are thaË at these frequencíes,

the wall pressure field comprises conËributions from turbulent pressure

fluctuati.ons and higher order modes wittr- a srnall plane rrave contribution.

For th-e 90o rnitred bend, the componenE of the wa1-l pressure fluctuations

as'sociated rrriËh plane acoustic rraves starts to becorne insignificant at

center frequencies greater than 8000 IIz. Ihis is íllustrated in
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Figures 6.51 and 6.52 wlLere the correlation coefficienÈ associated with

pi"ne tÞve propagation is ploÈted against band centre frequency for

several- octave and l-octave filter bands for various flor^r speeds and

spatial separaÈions. For regions where k a. Þ 1.84 ('t, 2500 I{z) the

plane wave contribuÈion rapidly decreases for all flow speeds and spaËial

separations. Ilence it was concluded that iË rras unnecessary to

correlaÈe in filter bands above the 8000 IIz octave filter band as no

useful Ínforrnation could be extracted at these frequencies.

Th-is information can nor¡¡be used ín conjunctíon wiËh equat.ions

Í6.25] and [6,26] to estimaÈe the wa11 pressure flucËuations associated

\^r-ith plane r¡zaves and higher order modes in various f ilter bands. Table

6.3 shows tlre results for Ëtre Mo * 0.40 case. At high frequencies

Ck a-. > 7.84) tÏris is representative of all- flow speeds since 0(Tl: )'-- -i. - -r - -- - pp.W.-

is approxímately constant in these filter bands. It can be seen that

for k a- < 1.84 plane rraves dominate the wal1 pressure flucËuations and
I

ttl.e turbulent pressure fluctuat.ions are abouÈ 13 dB less than the acoustic

pressure fluctuations. The higher order modes dominate the wall Pressure

field for k a. )- 1.84. The percentage of <p2> associated with the
I

hígher order modes remains approximately constant wíËh an Íncrease ín

filter band center frequency, buÈ in the 12.5 l<TIz and 16 kllz filter

bands in partÍcular, Èhe turbulenÈ pressure fluctuations are start,ing to

make a noticeable contribution towards the overall pressure flucËuations.

This has to be taken into account ín Èhe estirnatíon of the pípe wall

response to higher order mode excitation, and this is discussed in

CfLapÈer 7. It Ís of particular: importance when studying some of the

milder internal flow disturbances wñ-ere the higher order modes do not

dominaÈe ttre wall pressure field althougtr- they do dominaËe th-e pipe wall

response (Chapters 4 ancl 5).
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TABLE 6.3

The components of the wall pressure fluctuaÈions associated with plane lilaves and higher order
modes in several filter bands. (90o mitred bend, Mo * 0'40)

FILTER BAI{D
(HZ)

800

1000

2.500

3150

4000

5000

6 300

8000

10000

12500

16000

o t-ñr.r,,.' 10 log Õro P
10 tog 0ro P

.840

.830

.140

.080

.0625

.o460

<0.03

<0.03

<0.03

-43.1

-4r.9

=47 .3

-46.9

-49.3

-48. 1

-49.7

-51.9

-53.7
-55 .9

-5 8.0

-56. B

-55.2

-57 .2

-57 .8

-s7.6
-59.4

-59.6

-60.4

-67.4
-62.7

-63.6

(4.37")

(4.7%)

(r0.2i()
(8. 1z)

c14. 8%)

c7.4%)

(Lo.2iÐ

(L4.Li¿)

(r7.0%)

(20.e%)

(.27.s7Ò

-43.4
-42.2

-55.8
-57 .9

-61.3

-61.5

-66.7

(e3.ri¿)

(93.0"/")

(r4.oi¿)

(7 .e7")

(6.37")

(4.6i¿)

(2.07")

l0 log 0-
10 Pp.w

10 log 0-lo PH.o.

No hígher order modes

No higher order modes

-48. s (7s .7i4)

-47.7 (83.27")

-s0.3 (79.4"/")

-48.7 (87.L7")

-s0.3 ß7.L7")

-s2.6 (8s.12)

-s4.s (83.0%)

-56 .9 (7e .4i¿)

-s9.4 (72.4%)

(i) lligher order modes can propagate in filter bands Þ 25OO lz for this particular case (k ai > I.84) -

(ii) Corresponding percentages of mean square pressure fluctuations <p2> are included in parenthesize.
N)
oo\o

Note:
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6.5 GEIVERAL 
'TSCUSSIO/\J

The main aim of the r^rork discussed in th:is chapter wias to

extract tlr,e component of ttre r^¡all pressure fluccuations associated \^t-ith

the higher order modes in several filter bands. The component of the

wall pressure fluctuaËions associated w-ittr- plane r¡raves can be obtained

from tlre correlations, and tfius the component associated w-ith the

high-er order modes can be estimated by subtracÈing the turbulent and

plane r{ave components from tlre total wall pressure fluctuations. In

this way, the wall pressure fluctuations associated r,rith the (1r0)

higher order acoustic mode can be estimated fairly readily in the

2.5 IãIz and 3.t5 kJTz filËer bands. Ilowever in the frequency bands

containing otfrcr higher order modes, ttre contribut.ion to the wall

pressure fluctuations from modes already propagatíng at lower frequencies

cannot be separated from that due to the particular mode of interestt

since the higfler order modes are dispersíve ín character. Thus, as

menËioned previously, only ttre intensity of the wall pressure fluctuations

associated with ALL the higtr-er order modes in these fil-ter bands

(including Èh-e hÍgher order modes that have their cuË off frequencies in

ttre preceding filter bands) can be made. This is a límitation in thaË

tÏre component of the v¡all pressure flucÈuations associated wíth

indlvídual hígher order modes cannot be obtaíned and furthermore the

component assocíaÈed r^r-iÈh several hígher order modes in a fílter band

contains higher order modes from prevíous bands. These higher order

modes from previous bands do not contribute signíficantly to the pipe

wall response in the filter band of interest (because theír coincídence

frequencies are in tt¡-e prevÍ^ous bands) , and tr-ence the wall Pressure

fluctuaËions due to tTre hîgh-er order modes in the filter band of

interest aïe over estimaÈed (ttris is discussed in Chapter 7).
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are:

cl)

(2)

c3)

c4)

(s)

Ln sumrnary, the conclusions to be drawn from this chapter

The 90o mitred bend is a stronà generator of plane acoustic

l,raves for k a- < I.84.
l-

IIÍgh-er order acousLic modes dominate the wall pressure fiel_d

for ]rta-Þ 1.84.
].

I,Iith a suf f icient spatial separation of Èhe transducers, a

clisti¡rct peak at a time delay corresponding to plane wave

propagaËion can be obtained Ín filter bands contaíning

higlrer order modes.

ïtr-e plane r^rave componenL of the wal1 pressure fíeld can thus

be exÈracted from the correlogram and hence the higher order

mode component. can be estimated.

This tech¡rique will be useful when attemptíng to esÈÍmate

tlre pipe wal1 response due to a mild flow disturbance, where

an estimaËe of the high-er order mode component of the wall

pressure fluctuaËions is essential since ín these cases, the

higher order modes make major contribuËions to the pÍpe wall

response but do not dominate the wall pressure field.
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CIIAPTER 7

TTIEORETICAI ESTI}ÍATION OF TIIE ACOUSTI c

RADIATION DUE TO VARIOUS INTERNA]. FLOI,T DISTURBANCES

7.1 TNTRODUCTlON

This chapter is concerned w-ith theoreticall-y estirnating the

increased vibration response of the pipe wa1l and the exËernal acousËic

radiation due to the various internal flow disturbances; to do this

the nature of tl¡-e internal acoustic field has to be known and in

Particular tlae component of th-e wa1l pressure fluctuations associated

wiÈh Ètr-e hÍgtr-er çrder modes.

TF¡-e wall pressure fluctuations (chapters 4 and 5) and the

cross-correlations (Chapter 6) indicate that for the 90o miËred bend,

which is a severe flow disturbance, aÈ frequencies belor¿ the cut-off

frequency of the first higher order mode plane \¡raves domínate the wal1

Pressure fie1d, and for frequencies above cut-off, the higher order

modes dominate. The pípe wall response and acousËic radiation effects

show maxima at frequencies just after cut-off for the various higher

order modes, because coinci-dence (berween lr-igher order acousËj-c and

structural resonanË modes) occurs there, for sËeel pipes in particular.

Thus, theoretical estimates can be obËaíned from the general solutíon

for the dynamic response of a thin-wal1ed cylindrical shell to an acoustíc

Pressure fie1d, witlr- approximaËÍons based on a detailed understandíng of

the higher order acoustic modes that are excited and the degree to which

tlny domírrat.e tlle internal wa1l pressure fÍeld. These ttporetical estimates

Ëogettrer lrith ËIre various spectral data of the wall pressure flucËuations

presenËed, make it possible to estimate tlre acceleration response of

and the acoust.ic radiation from a pipe, downstream of an internal flow
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disturbance, where a fully-developed Èurbulent profile has been

re-establistted.

7.2 ESTTrI4ATTr)N OF THE ACCETERAITI)Ñ RESPOÑSE Af\T, ACíJUSTTC RADTATTON

For ttp purposes of estimating tfr"e acceleration response

of and the acoustic radiation from pipes, it is convenient Ëo perform

tÏr-e analysis in å-octave bands. Over a J-octave band ranging from a

non-dímensional frequency U,

as;

to v equatíon [2.L71 can be rewritten

2
ct cl

j (v)

oD (v) I
' ol,

t7. 1l

2

v2

v1

dv(t-(þ')'*(h)'
I

P

where

and,

f"
2

I..
Ç

o; (v) dv ,

v1

2
Õn (v) dv

v1

I: is the non-dimensional mean square acceleraEion response and I-e-P
ís the non-dimensional mean square fluctuating wall pressure Ín the

frequency band being considered. To evaluaËe equation t7.1] , several

approximations have to be made: to the overall modal quality factor

Qo, to Ëlre wall pressure fluctuations Õp(v) and Ip, to Ehe joínt

acceptanee function :fioCvl, and Ëo the recePtance function.

' Coincidence, as defined ín Chapter 2, is Ëhe condition in

which th-e circumferenËial distance along the pipe surface between

diameLral nodes of the Cprq)tI. acoustic mode is equal to flalf the

I
J"

17 .21
P
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wavel-engÈL of the (rnrn) ttr- structural node in the sa¡re direcËion (n=p) ,

and also in wñ-ich the strucÊural and acousËic wavenumbers in tf¡-e axial

direction are equal Cç = K*). Besides this 'rwavenumber coincidence",

for exact coincidence there must also be a ttfrequency coincidence'l

Ci.e. vcx = vc). AË coincidence, tÏle joi:rt acceptance function is a

maxîmum CtÏle jfu componenÈ of ttre joint acceptance has a very sharp

peak) and the (prq)th- acoustic mode couples mosË effectively with the

closest (mrp) th structural mode for wfricfr K* = K,n. Because of the

nature of the joÍnt acceptance function and the recept.ance functions

of the various resonant structural modes, coupling wittr- other (more

distant) strucËural modes produces secondary effecËs that can be neglected.

If the Èwo structural modes on eitlrcr side of the acoustic mode are

approximately equidistant in frequency from it, then Ëhe acoustic mode

couples equally effectively with boÈh sÈructural modes. If there ¡nrere

an r¡exact coincidencett beËween a particular acoustic and structural mode,

then we should have uo = u. and the "receptance function" term in

equation tZ.t] would be inversely proportional Éo (Qo)2. Hence Ëhe

pipe wall response at the rrexact coincidence" frequency is dependenË

on1-y on modal damping. For the ttwavenumber coincídence'r situaÈíon

hornrever, Vo t V" and the ttreceptance functÍon" term in Equation ll .tl

now depends on vq,, V. and QG. Ilence the raËio of (vo/v") needs to

be known to estimaËe Ëhe receptance functíon and the pÍpe wall response

at Ëhis ttwavenumber coincidence" frequency. For steel pipes (low modal

damping) , small differences beËween vo and V. make the çi-{vo/v.) 2) 2

term dominaÈe over the Cvo/v" Qo) 
2 term whereas the latter term domí:rates

if uo is exacËly equal to u". Thus the ratio of (Vo/v") is

importanË Ín th-e estimaËion of the receptance funct.ion for the coincidences



295.

associated r.'rittr- the various higtrer order rnodes of í¡rterest. This

rátio can be estimated from the r'ravenumber plots ç"" pt"""nted in

Ctr-apter 2), Vo being obÈained eittrcr approximately by usíng êquation

12.81 or more accurately by using a computer Program based on Arnold

and I^Iarburtonrs C1953) frequency equation r,ú-ich is deríved by the

energy mett¡-od based on strain relaËions. Figures 7.1, 7.2 and 7.3 are

r¿avenumber plots for coincidence of acoustic and structural modes for

th.e (mrl), (mr2) and (mr3) structural modes respectively as

obËained from Equation [2.8] (Ileckl-, 1962) and from Arnold and Warburt,onrs

(f953) analysis, all diagrams corresponding to ß = 0.0070, A = 79.4,

V = 0.960 and \p = L5.37. As mentioned ín ChapËer 2 and as observed

in Figure 7.I to 7.3, equation t2.B] underestímates the resonanË structural-

modes for lor,r K* values for Ëhe n=l and n=2 modes in partícular

(i.e. at any given frequency, the axial mode order m is underestimated

by equation t2.B]). However, since Ëhe difference in frequency between

consecutive resonant structural modes ís predicËed fairly well there is

justifÍcation for usíng the simpler and more readily evalu¿¡sf, equation

I2.B] for the purposes of estimating the pipe wall response and hence the

acoustic radiat.ion. As Èhe circumferentíal sLructural mode order n

increases, the densÍty of the structural modes in any particular

frequency band increases and ttre axíal strucËural wavenumber (K*)

increases wíËh increasing n for a gíven frequency. Thus, the difference

in frequency between consecuLive structural modes decreases and the

ratio of V^/v becomes small-er. llowever, as will be shor¿n later onctc
in this chapter T^r-itfl numerical exarnples, iË is importanL to Eake account

of any difference between Vo and U" in any Ëheoretical estimate, for

Ëh-is can completely alter the predicted pipe r+all response ow-ing Ëo Ëhe

sensitivity of the receptance function to LIae value of uo/u" , âs
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menËioned earlier. Comparisons are rnade l-ater Ín this ch.apter, beÈween

vârious theoretical predictions based on

C1) an rrexact coÍncidencet' approach i¿fiere there is bottl

r¡avenr:mber and frequency coìrrcidence and wfrere K, = K* and

Vo = Var for the various high-er order acoustic modes concerned.

This approach assumecl that K, is contínuous and thaÈ

coincÌdence can occur at a non-integer values of m' tfius

tlrere is no need for an est,imation of individual resonance

frequencies.

(2) a t'r,ravenumber coÍncidence" approach w1lere Ètrc various

resonant frequencies are estimat.ed usíng llecklls equation

Cequation t2.B]). Ilere when K* = K*, vo is not necessaríly

equal to v., but coincidence can on1-y occur aË integer m

values.

(3) a "wavenumber coincidence" approach where the various

resonant frequencies are estimated using Arnold and lüarburtonrs

(1953) method. Ilere, as in (2) above, when K* = K*, uo ís

not necessarily equal to Vc, but coincídence can only occur

at ÍnËeger m values.

C4) a ttmean wavenumber coincidence" approach based on the

assumpÊion Ëhat ttre acoustic mode wavenumber functíon intersects

the resonanË structural mode wavenumber functíon at a frequency

that is equídistant from the structural modes on eÍther side of

it (i.e. for u" lying beÈween u*r, and v*llr' then

v.= (v*lrr*u*rn)/2'

Ttrc t\nean wavenumber coincidenôett approacfr- recognises the

inability to accurately predicË Ehe various resonant strucLural modes

f.or a practical piping system (since pipe wall tfuickness, end conditions,
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effective length, etc are not precisely known). Since the ratio

61-Cvo/v") 2) 2 is essentially tlre same for both strucÈural modes in

this case, tfu acoustÍc mode couples equally effectively with boÈtr

structural modes and it is importanÉ tha.t tfuis is recognised r¿lren using

this method. A dîscussion on the relative advanËages and disadvantages

of È?r.e four methods w-il1 be presented in the next section, follow-ing

comparisons with several sets of experimental results.

The axial- joint acceptance function, :fu(url r 8S given by

equaÈion IZ.I3l peaks sharply over a narrow frequency range for a

particular strucÈural- mode order m. Hence coupling between the hígher

order acoustic mode and a particular structural mode is signÍficant only

within this narrow frequency range, which for purposes of estimat.ion is

taken to be the half-po\^rer bandwidth of the primary peak Ín jfu(tl)

(See Figure 2.3, section 2.4) .

TtreoreËical estimaËes of the vibration response of and the

acoustic radiation from the pipe depend on estimates of the toËal

vibrational damping. Ttre resonant response of a particular structural

mode is dependent on iÈs overall modal qual-ity factor Qcr, as well as

the degree of coupling between Èhe excíËation and Ëhe mode. The overall

modal qualiÈy factor Q., may be expressed by the rel-atíon

1/Q0 r/Qi+l/Qr+l/Qr"¿ t7.31

where Qi is the internal quality factor corresponding to materíal

damping, Q, is the quality factor associated with Lhe dissipatÍon at
J

structural joints and Qr"d is ttre modal quality factor associated with

acoustic radiaÈion damping. Rennison and Bull C1977) îave invesÈigated

and reported on Ehe modal density and damping of cylindrical pipes ín

considerable detail. The rnodal quality factor resultíng from acoustic
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radiation damping, Qrad, is given by;

Qr"d = do/Rr"d = opsh/pfceo* 17.41

where o is th-e. radian frequency, Mc,t is th-e generalized mass of Ëhe

mode, Rr"d is the radiation resisËance a¡rd oo is the radiation

ratio. For steel sËructures, Qi and aj are essentially independent

of frequency and furthermore, for ligtr-tly damped structures, Qi > 1000

and for rigîd joínts allow-ing no relatîve motion beËween the component

parEs, Q* > Q* (Rennison and 8u11, L977).
Jr
The wavenumbers and phase velocities of ttre resonant sonic or

supersonic vibral-ional modes of ttrc pipe wall (i.e. modes having sonic

or supersonic structural wavespeeds witl¡- respect to Èhe external acoustic

medium) are more closely matched by Ëhe higher order propagating acoustic

modes than the subsonic modes, hence Oo = 1 for these strucl-ural modes.

Cylindrical pipes have supersonic structural modes aË frequencies well

below the acoustic coincidence frequency, Vac, of a fLat plate with

the same thickness as th-e pipe wall . For tlre tesL section used in Ëhe

present work Cß = 0.0070), it has been found experímentally by

Rennison (1976), and in the present work that supersonic vibrational

modes occur for v > 0.078, while tr-igher order acoustic modes can occur

for v > 0.72I. Under these condÍtions, Qrad is very much less than

both Qi and Qj, and dorninates the modal- quality factor Qo¿. In

the subsequent theoretical estímates, a value of Q, = 2000 is assumed

and Q, is neglected (Rennison and 8u11, 7977); hence
J

Qo = 2000 ûrp"h/(r¡p"h + 2000 gf"") [7.5]

A narror¡-band analysis of tfp wall pressure fluctuations

(CFrapter 4) slrows ETr-at there is a sharp rise in por¡r'er spectral density
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(of the order of 4 Èo fOdB) at th.e cut-off frequencies of the. firsÈ few

higher order modes and in particular tt¡-e C1r0) and C2,0) higtrcr

order modes. The aslnnreÈric flow disturbances do not appear to excite

the symmetric (0r1) higher order mode. Above the C3,0) mode, the

density of ttre higher order modes becomes increasingly greater and the

fndividual h-igher order modes become harder to detect. To theoretically

est,imate the pipe wall response, the wa1l pressure fluctuaËions have to

be esÈÍmated (a) over the frequency band of inÈerest (u, to v2 )

in order to estÍmate Ip, and (b) over Ëhe narrow bandw-idth over which

tlre Joint acceptance function peaks and coincidence occurs Ëo estimate

the numerator in equaËion IZ.f].

For any particular severe flow disturbance and the piping

geometry used in this investigation, the first few higher order acoustic

modes are wel1 separated in frequency, and the wall pressure fluctuations

display a sharp rise at cut-off. Then in a ]-octave band ranging from

V to v containing one of these higher order modes12

l2 Vz
I 0 (v) ¿v = op(v)dv = OnÀvu 17 .61p P

,
vr vco

where AUU = ur-u"o. This is illustrated ín FÍgure 7.4. At higher

frequencies, where the density of Èhe higher order modes is greater and

there is no obvious sharp rise in the walI pressure fluctuations aË the

cut-off frequencies of the various higtr-er order modes in the ]-octave

band of interest

I [u'
Jut

0 Cv)dv = 0 Cv-v) 17.71
P P P zt

In general if there are several higTr-er order modes in a å-octave band,

there is no óbvious sharp rise in th-e wall pressure fluctuations at the
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cut-off frequencies of the various hígher order modes, as can be seen

from the present experirnents, aÈ frequencies well above th-e cut-off

frequency of the C2r0) hígþ-er order acoustic mode. Ilor¿ever, ttre

occasion could arise for a particular piping geometry wñen ttre first

t\^ro or three tr-igher order modes' are sufficiently close in frequency that

tlrey occur in a síngle J-octave band. In thaË case' equation 17.71

woul-d overest,imaÈe ttle wall pressure fluctuaËÍons. Equation 17 .61 with

v^^ as the cut off frequency of the first fuigher order mode would give
co

a more accuraLe estimation.

Over the narror,r frequency bandwidttr over which the joinË

acceptance function peaks and coincidence occurs, On(v) is essent.íally

consËant and equal to tn (see Figure 7.4).

Ifence, with this understanding of the behaviour of the

receptance function, the modal quality facËor QC, the joint accepËance

funcËion j?.^. and the wa1l pressure fluctuations, a theoreËical esLÍmaËion
" CIO¿

of the pipe wall vibration response and hence the acoustic radiatíon due

to the higtr-er o::der acoustic modes in various å-octave bands can be

mad.e. It should be remembered that this 'f theoretical estimatert ís based

on the experimental observation Èhat pipe wall response and acoustic

radiation effect.s are greaËest at frequencies close Èo Ëhe cut-off

frequencies of the various higher order ínËernal acoustic modes due Ëo

tlr.e coincídence effecËs Ëhat have been discussed in Chapter 2 and in

this section. Of the four meE?rods mentioned for making the theoreËícal

estlmates, ft should be menÈioned that tlr-e fourth nel-hod (for the case

where v" = Cu*l_ 
rrr+v*rrr) 

/2) is the most real-istic one f or a practical

piping sJrstem; this will become evident from a reading of the next

section.
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7.3 C()MPARIS0N WTTH t/ART()üs EXPERT^'{Ël'frAt [lE,{suRE 4EÑTS

" TTìe results and discussion presented in Ëh,is section relate

t.o a comparison betrnreen theoretical estimates for 'rexact coincidencerr,

the three separate tt¡,ravenumber coincidencestt and experimental measuTements

for tÏre various ÍnÈernal flo¡,¡ disturbances. TFr-ey all relaËe to the

vibrational response of and the acoustic radiation from the tFr-in-walled

cylindrical test-section, for whicll- ß=0.0070, V=0.960, I\=79.4 and

\n=15.37, whict¡- spans Ëhe anech-oic chamber.

Tfr-e f requencies of Ëhe (rnr1) ,. .. e (mr5) resonant sËructural

modes r¡7ere computed using both equation t2.B] (Ileckl , 1962) and Arnold

and Inlarburtonrs (1953) thin sfr-elI theory. The first fifteen higher

order acoustic modes that would couple to these structural modes were

considered (excluding the C0,1), (0,2) and (0,3) modes which do not

couple to strucËural modes) and ËIrese are lisÈed ín Table A-1 (Appendix A).

These fifteen "coincidences" r¿ere found to be distríbuted in frequency

in various rrrays (depending on Mo, since f low af fects Ëhe cut-of f

frequency and h-ence ttr-e frecluency for coincidence) ín *-octave bands

ranging from 2.5kIIz to 16 kIi.z. The two structural modes (one on

each side) closest Ëo the acoustic mode, for each of the fifteen acoustic

modes can Ëtren be deËermined for the two respecËive Ëheories used. The

frequencies at rvhich K* = Krn correspond to the coincídences betüreen

tt¡-e two sÈructural modes and the acoustíc mode, hence uo/u. can be

found for boËh structural modes for both theories used. This is

il-lustrated in Figure 7 .5 for coincídence between the Cl,0) higher

order acousEic mode and tfre (:nr1) structural modes. The half-power

bandwidth of the primary pealc in the axial joÍ:rt acceptance funcËion,

:fuColl , can be esËimated for a particular coí¡rcidence to be
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)

xvl=v2 +rco

Av
1

0 .45 Cvb-v

for i=arb, and where K

a 17.81

K
m

and

17 .e1

m

wfiere

where j

and Âu*

ç.

E,-,'
çg:2-¡n

a

K
x-

b
,*þo,n represent the minima associate-d l,¡ith tïre primary peak

ín the axial jorrrt acceptance function for a particular Km. This is

illusErated in Figure 7.6, Ttre moclal q.ual-ity factor Qo and the wall

pre.ssure flucttiatÍons, tn ;r Ld Õp, can be estimated fairly readily

as described in secÈiori 7,2, ,.',r,d Q¡n, Mo, ß and \p can be obtained

for a particulrr flow speed and cyl-rlnder geometry. Ilence, if it is

assunecl Èhat h*,.:ause of tlr-e sharp ¡uaximum associated wiËh the joint

í{,'tceptance and the narrow frequency banil-,^r-idth associated 'úr-ith it, the

effects of c.oíncidence for a particular structural and acoustic mode

are confincrd to frequencíes wj-thín the ranp¡e ¿\Vj

reduces to

, then equation t7.l]
m

Avr
j¡

ar-þ'¡'u.#,
c c-cl

2

2

rm¡r(max)
jfir,cv> (0.250) 

" 
V" is the coincídence frequency(v).

(v-v )2co
(v-v)

2I dependÍ-ux on Lhe -rl-octave band under

consideration {see Equation i7 .61 and 17 .71). Hence Èhe problem reduces

to one of estiurating ÀvO, Av., vo, Vc and Qo for various coíncidences

beir¿een resonant structural- ancl higher order acoustíc nodes in several

J-octave b¿;irclso and hence'com¡.ruting corresponding values ot t¿/tn The

non-dimensionaJ,. mean squaïe acoustíc radiaË:Lon, In, can be expressed

as (see Appendix ì:,)

or

M"tp
r-

D

I
1ïr
E

#-
c

I7.101
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10 toc ì2J.^ ¿tu mm

(dB )

-10

-20

-30

Ir.
Km K

32
m

K /Kx m

FIGURE 7,6 AXIAL JOINT ACCEPTANCE
( estimot ion of hqlf - power bqndwidth )

m =10

__t ¡B
hotf-power bctndwidth

Krr=[(m -2) / m] Knr

K*r= [(m *2) / m] Km
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As mentioi'red in the previous section, equations I7.9] and [7.10]

were evaluated in ]-octave bands rangîng from 2.5 T<fTz to 76 I<Jtz,

using tfre four methods mentÍoned. IË stlould be noted that tfre various

higher order acousËic modes r,rere allocated to the l-octave bands in

¡shích- the corresponding coi¡rcidence occurred: if cut-off for the

Cl'0) mode occurred in the 2.5 kJIz frequency band and for a particular

flow speed, V,. - occurred in Eh-e 3.I5 I<ÍIz frequency band, then*(1,0)
th-e sum vù-as computed for the 3.15 kIIz band w-ith AuU = (vr-ur)g.rSr.",

Ínstead of Aru = (vr-v"o) 
2.51<LTz.

A comparison of the four theoretieal- est.Í-mates and experimenËal

results for varlbus internal flor,z disturbanceà for 
"o 

* 0.20r 0.40, 0.50

for Ca) tC/tn and (b) InlI 
n is presented in Figures 7.7 ro 7.I2.

All the tlreoreËical esËimate points rnrere computed follow-ing the procedures

descríbed earlíer in Èhis secÈion and in section 7.2. Ttre experímental

results a.s presented in CFr-apters 4 and 5 were derived from *-octave band

measurements.

The most striking observatíon from all six figures is that the

rrexact coincidence" approach- overestimates both the pipe wal1 response

and the acoustic radiation by 30-45 dB. Exact colncidence implies that

Vo = V. and Èhat the recepËance funct,íon ís only dependent on the

modal quality factor Qc¿. The ttr^¡avenumber coincidence" approaches based

on Cl) Equation I2.B] and (2) Arnold and !'Iarburton's 'rexacË" equation

yield better esËimates. Ilere uo * u., and the (l-(vo/vc)2)2 term

dominates the receptance function. Because n.either Vo nor U. cannoÈ

be predicted sufficÍently accurately to give an accurate prediction of

uo/u., these t\.vo approacTres could possíble yield gross overestímates

in certain J-ocËave bands ín comparison r^¡ith tlre actual experimental

results; this is evident in several å-ocËave bands în Figures 7.7 to
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7.12. These gross overestÍ¡nates' occur because th-e strucÈural mode is

predicted to be closer to the acoustic modes than it is. A gross

underestimate cannot occur because lhe acoustic mode couples to sËructural

modes on either side, and as iË moves away from one structural mode it

moves closer to the other. Tf¡-e problem of gross overestimation can be

overcome by adopting Ëh-e "mean wavenumber coincidencett approacfr- based

on the assumpt.ion that the acousËic mode wavenr:mber function intersects

the resonant st.ructural mode wavenumber function at a frequency that ís

equidistanÈ from tlre structural modes on either side of it. This approach

migfr-t yield a slight underestimate in the pipe wal1 response, but the

gross overestimates that could occur in the oËher tr^¡-o wavenumber

coincidence approaches are avoided. This is observed in Figures 7.7

to 7.72 and tÏ.is approaetr- yíelds the best agreement between experiment

and tlreory.

It should be poinÈed out here, that equatíons 1,7.91 and [7.10]

which were used to obtain the results, assume that all the wa1l pressure

fluctuatÍons ín the å-octave bands considered are dírectly attributable

to the hig?r-er order acoust.ic modes, and that contributions from turbulent

pressure flucÈuat.ions and plane r^raves are negligible. Ttre resul-ts of

Chapter 6 indicate that Èhis is indeed the case for the (1,0) and the

Cz,O) higtrer ord.er modes for the 90o mitred bend in parÈicular. Thís

is confirmed by tt¡-e wa11 pressure specÈra themselves which shows a sharp

rise ín 0-(üJ) at cut-off for the firsË two higher order modes. This
P

trend is also observed in the results for Ëhe butterfly valve and the

55 mm orifice plate. For tlrese three flow disturbances, at higtr-er

f::equencies, Õ,rCtt) approach-es straiglr-t pipe pressure fluctuatíon leve-ls
t

and any higher order modes present are not del-ectable in t?e spectra.
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This is also tlre. case aÈ a1f frequencies for the milder flow disÈurbances.

Nevertheless, for tfre milder flor,s disÈurbances investigated (with the

excepËion of the racliused bends), the higher order modes couple more

efficiently to tlre strucÈural modes than eith-er Èhe plane w-aves or the

Ëurbulent Pressure fluctuations. Tfuis is apparent from their dominance

of tÏre spectral data presented în ctrapters 4 and 5 - î.e. trr-e higher

order modes dominate the pipe wall response and the acoustic radiat,ion

at frequencies above cut off for the (1r0) mod.e for the 90o mitred

bend, tÏre butterfly valve, the 45o mitred bend, the gaÈe valve and boEh

orifice plates. Equations 17.9) and l7.r0l assume that all the wall

Pressure fluctuations are due to Èhe higtr-er order modes. Inlhen the higher

order modes are noË domi¡rant and make up a proporËion, op, of the total

po\^ler sPectral density of the wall pressure fluctuations, then equation

17.91 has to be multiplied by this facËor, op. Ilence, Ëhe procedures

used would be expected to overestimate the pipe wall response at higher

frequencies (above the (2r0) mode) for the severe flow disturbances and

at all frequencies for the mild flow disturbances. This can be overcome

by using the techniques described in Chapter 6 (which were applíed to

the 90o mitred bend only) to estimate the contríbution of the higher

order modes to the wall pressure fluctuations for the varÍous disturbances.

Th,ere is extensive experimental work ínvolved, but it is beyond the

scope of this investígaËion. Hor,¡ever Ít is felt that the use of such

ínformation could greatly reduce the discrepancy between the 'rmean

wavenumber coincirlencett theoretical estimate and the experimental results

for the mild flow disturbances.

7 ,4 TITTCK LÚALLEO CTLII,/'ERS

Al-1 of th-e analysis so far presenÈed rel-ates to thin-walled

pipes and all experimental re.sults presented relaÉe to thín-walled pipes
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r,l-iÈfL ß=0.0070. Adalí"tional experimental data are Ìntroduced here, for

a pipe wiÈh much greater wa1l thickness, B=0.04648 Ci.e. approximately

7 times the wa1l thíckness of the thÍn-wallecl pipe) , Í-n order to give

some indication of tÎrc effect of wall thickness as such, and Ëo establistl

wheth-er or noË the esËimation procedures discussed in tlre previous

sectíons of this' Cfrapter can be applied to mucTr thicker cylindrical sh-ells

wïrich- are more representative of indusÈrial piping sysÈems.

Ttr-e thick-walled cylinder, for r¿hich V=0.960 , !\=75.7,

fr=6.35 mm, and \r=15.37r was situated in the same positíon as the

ttrin-w'alled cylindrical test section i.e. spanning tfre anechoic chamber.

Ùleasured values of the effects of Ëhe various internal- flow dísturbances

on ttr.e pipe vra1l acceleration and tlre acoustic radiation are presented

and comparisons are made w-it?¡- the thin-r^ralled cylinder.
'1.4,1 Acce,L¿ruf,ítn RQ/5rrow6Q. ol and Acou,stic Radia-tiotn Á,Lom Íltø Tøtt

S¿ciion

The power spectral density, 0;, of the acceleraÈlon of the

test section wall, and, 0n, of tlte acoustic power radiated have been

measured in the same \¡ray as for the Ëhin-walled pj.pe. .{ere t-oo, ít was

found experimentally that 0¿ and 0T are axially and círcumferentially

uniform over the tesË section within t I dB. The results presented in

Fígures 7.I3 to 7.16 are those obtained at, the míd poínt of the tesË

section for M tu 0.40 and 0.50.
0

As for Ëlle thin-w'alled cylinder, there are substantial íncreases

in spectral densíty as v rises above 0. 10; effects are greatest at

frequencies close to th-e cuÈ-off frequencies of various h-igfr-er order

internal acoustic modes, due t.o coincidence betr,'reen tlre various acoustic

moiles and part.icular resonant sEructural mode-s. Th-e results presenËed are
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typical of all flow speeds investigaEed. Th-e interesting poÍnt to be

noËed here is that ËIrere is a clrop in pipe wall response ând acoustic

por¡rer racliation in ttre frequency range 0.30 ( V ( A.47 when compared

I¡ritïL other frequencies above the cut off frequency of the (1r0) fuigher

order acousÈic mode. The reason for this is as follows. For the

ß=0.04648 pipe, calculation of the resonance frequencies of the pipe

strucÈural modes, usÍng Arnold and trrrarburtonrs (1953) theory, shows

that in the frequency range 0.30 ( v < 0.47, the only coincidence

possible is th-at between the (mr1) resonant structural modes and the

(1r1) higtr-er order acouslic mode. This is because the cut-off frequencies

of the oÈlrcr higirer order acoustic modes in this frequency range occur

at frequencies well below the lowest possíble frequency of the resonanL

structural modes r¡iÈh malching circumferenËial wavenumbers (n=p);

because of th-e natrlre of the dispersion (wavenumber - frequency)

characteristics of the Trr'-glrer order acoustic modes (see Figures 7.1 to

7.3) thís implies that in these particular cases, coíncidence can never

occur. This is illustrated in Table 7.1, where the (mr3) resonant

strucÈural modes ttcut off" aË a higher frequency than the (grO) hígher

order acousÈic mode, the (mr4) resonanË strucËLtral- modes "cut off"

above tlre (4r0) higher order acousÈic mode, and the (mr5) resonant

strucËural modes "cut off'r above the (5r0) higher order acoustíc ruode.

Ilence in the frequency range 0.30 < v < 0.47, coincidence can only

occur between the (mrl) resonant structural modes and the (1r1) highe.r

order acoustic mode, wtrereas for the thin-walled pipe, aLL coíncidences

are poss'ible - tïrus ttr-e drop in pipe wal1 response and acoust.ic pol'rer

radiation in tlle l-ocËave bands corresponding to t[rose frequencies.
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Structural Mocle

(1 ,1)

cl ,2)

(1,3)

(1 ,4)

(1 ,5)

NOTE

TABLE 7.1

AcousLic Mode

(1,0)

(2,0)

c3,o)

(4,o)

(1 ,1)

(5,0)

(2,1)

(3,1)

v=flf and f = 27.7 kTIz for 9=O.04648.rt r

I
f3,0) Acoustic mode p) Acoustic mode

v

0.0028

0.1314

0. 1339

o.2L79

o.2996

0.3783

0.3794

0. 3803

0.4577

0.4783

0 .5 785

o.7249

L.L720

KX

or
Km

I
I

I
I

l
I

I

I

I

I

¿

./
./

,/

./¡m,3)
/Structurot mode

m,4)

t

Structurot mocl e
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7.4.2 Comytani'son 6e,üt¡¿ei pttødicfiow (on Ítuccf¿ and thin w*U¿d

cqlindetu

Comparison of prediction for tt¡-e thick and th:in-walled pipes

is made on the basis of tlre ttmean wavenumber coincidence" approach.

The modal density, tl(v), Ci.e. number of s'tructural modes

per unit non-dimensional frequency band, dN/dv) of the resonant

structural modes of all orders, is proportional Ëo L/g (Rennison and

8u11, 7977> - in any particular frequency band, AV, this includes

resonant structural modes of various axial and circumferential mode

orders Cm=1r213r..., etc. and r:r=tr2r3r..., etc.). IIowever, while

the overall rnodal density is proporËional Èo I/9, the modal densiÊy

for modes of fixed circumferenÈial order is roughly independent of ß -

hence the difference in frequency beÈween consecutive axj-.al. structural

mode orders for a part.icular circumferential structural mode order is

almost the same for the thick and thin-walled pipes being considered.

Thus tl¡-e value of uo/u" is essentially the same for the thick and thin-

walled pipes, for any particular trigtrer order acoustíc mode. Thus, the

summation term, (l), in equation 17.gl ís approximately constant and
0

independent of ß. In this case, for a particular flow speed, pipe

radius, pipe lengÈh, and internal flow disturbance, I:/I should' Ç p

according to equation 17.9), be proportional to L/ß2 (in the regions

r¿trere higher order modes dominaÈe the pipe wall response). The two

particul-ar pipe wall th-icknesses, (ß=0.0070 and 0.04648) , yields

a 92 ratio of 16.5 dB. Then, in tlre regions wlrere higtrcr order

coincident acoustic modes donr-Lnate the pipe wall response, according

to tlLe ttmean wavenumber coincidence" approach, Ëhe thin-walled pipe

should produce a pÍpe wall vibraÉional response ttrat is 16.5 dB
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greater than th-e thick-walled pipe req?onse. This is indeed essentially

the case for the various devices investigated in tlre frequency bands in

which coîncÌdences occur Cand this excludes the 0.30 < v ( 0.47 region)

This is illustratetl Ín Figures 7.17 to 7.79 for the 90o rultred bend,

butterfly valve and gate valve respectively.

The pipe r,'¡a11 acceleraËion specËra, ,¿, for Èhe Ëhin and

tÏrÍck-walled pipes, are compared in Figures 7.17(a), 7.18(a) and 7.f9(a)

for M- tu 0.40, 0.50 for the three respecÈive disturbances. The same
0

daËa are presented in Figures 7.17(b), 7.18(b) ar.ð,7.19(b) as g'I¿ ,

t¿hich according to the precedíng discussion should lead to a collapse

of the data for regions where coincidence occurs. The differences

between thîck and thin-walled pipe wall response in the particular

t-octave bands of interest vary frorn 14 to 24 dB with an average of

18 dB. Tfe approximate collapse at th-ese frequencies (v=0.118, 0.L49,

O.237, 0.569, 0.758) can be observed in Figures 7.17(b) to 7.19(b).

As can be seen from Table 7.7, coincidence can only occur between:

the Cmrl) structural modes and all the (1rq) acoustíc modes; the

(mr2) structural modes and all tt¡-e (2rq) acousËic modes; and, for

other high-er order modes r¿hose cut-off frequency is greater than the

ttcuË off" frequency of the resonant structuïal rnodes with matchíng

circumf erent ia1 wavenumb ers .

The funplicaËions of this are that ttreoretical estimaËion

procedures, as discussed in previous sectíons, can only be expected to

yield good results in J-ocÈave- bands wlrere coincidences occur. For

thin-walleil pipes, coincidence generally occurs in all ]-octave bands

above the cut off frequency of the C1 ,0) mode, buË, as t¡-as been

illustraËed, tfuis is not necessarily the case wi.ttr- th-iclcer pípes.
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Ilorue-ver, since tlrese coinciden¡ higlr-er order acoustic modes do Índeed

domi¡rate the- pipe r,rall response and the acoustic power radiation, tllese

procedures can be used to provide an upper bound esÈimaËion. Figures

7.2O to 7 .23 present a comparison between experiment and tfr-eory for th-e

tfrick-walled pipe f or Ca) , ¿/, n 
and Cb) Ir, /I n f or Mo t 0. 40 and

0.50. The theoreËical estimates were obÈained by scaling the ttrin-

wal1ed pipe ttr-eoretical- estinates to account for the change in ß. There

Ís very good agreemenE for the C1r0) and (2rÐ higtr-er order mod.es

for v¡fuich coincidence occurs and also for the fr-igh-er order modes in the

frequency range A.474 (v { 0.758 where tlrere are some coincident

acoustic modes.

On the whole, the theoretical estimates give reasonable

agreement. rditÏL experiment for tlre severe flow disturbances, especially

wfren compared w-itÏL 'rexact coincidence" predictions. TFre approximatíons

at frequencies wl¡-ere tl¡ere are coincidenË acoustic modes could perhaps

be improved by obtaining the frequencies of resonant sËructural modes

from a thick shell Ëtr-eory and then applying tb-e same procedure as

discussed in the earlier part of this chapter in relatíon to thín walled

pipes.

7.5 GEI\JERAI,ISCUSSI0I/

The arguments presented in this Chapter relate to developing

appropriate techniques for the predictíon of acousËic radíation from

and the acceleraf:ion response of pipes with various internal flow

disturbances, in víew of the fact that assuming exact coincidence (i.e.

Vq = Vc) gives gross overestimates. There are obvious pracËical

applications' and lùnitations botl¡- of wh-ich- r,¿-i11 be discussed in ttr-is

sectí-on.
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7 . 5. 1 ?naatica,[- Ap,¡t.tica.tions and lini,ta.tiont

T[re theoretícal estimates as presented in ttris chapter, allour

for an estimation of both I,,/I and | /I . To estimate the mean
Ç, P 1T.P

square acceleration response, t;, and the mean square acoustic

radiation, In, for a particular inËernal flow disturbance, tt¡-e mean

square wall pressure fluctuations associated witlr. that particul-ar

disturbance lrave to be knor,¡n. The waII pressuïe spectral ¿"t" "t
X = 52.8 (just upstream of th-e tesÈ section) represent the wall pressuïe

fluctuations associated with a propagating acoustic field superimposerl

on fully-developed turbulent pipe flo'nr. Estimates of tn can be obtained

from ttr-e spectral data presenÈed in Chapters 4 and 5, for various flow

speeds and pipe sizes. The "mean wavenumber coincidence" approach

discussed in this chapter appears to be the best, of those considered as

a basis for pipe work design. It should provide a designer r¡ith a

reliable indication of the acoustic radiatíon to be expected from varj-ous

pipe fittings; i.t avoíds the gross overesti-mation gíven by the oLher

three approaches.

All the theoretical estÍmates presented ín this chapEer ar:e baseci

on the assumption that tTr-e hígher order modes dominate the wall pressure

field in the J-octave bands of interest (k ai > L.B4). ExËensive wal-l

pressure fluctuatiot-l cross correlations are necessary to obtain the

actual cornponenËs of ttre spectra that are associated with the hÍgher

order modes, f-ot the various ínte::nal flow disturbances. This has been

discussed in Chapter 6, for Ëhe particular case of th-e 90o mítred bend,

in r,¡fuich ttr-e higher orcler modes dorninate the vrall pressure field in the

region of tfrc (1r0) and C2r0) acoustic modes. TFrc wall pressure

fluctuation levels associatecl w-ith ttre núld flow disturbances Cthe radiused

bends, ttr-e gate valve and the 45o mitrerl bend) are not very cliffer:ent
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from Èhose associated r.ritb- straigtLt pipe flow. Ilence the assunption

thaË Ëhe higher order modes dominate ttre wall pressure field îs noË

valid for these mild flow disturbances. Ttrc theoretical procedures

given v¡-i1l ËIerefore lead to an overesÈÍmate of the pípe '*ra11 response

in tlrese cases. A more comprehensîve study of the wa1l pressure spectra

associated w-ith various internal flora disturbances (utÍlizing cross

correlation technîques) is required to allo¡¿ estimaËion of Èhe

conÈribution of the higtrer order modes to the wall pressure fluctuations

ín various filter bands in all cases. Nevertheless, the techniques

described in Èhis chapter provide an "orcler of magnit.ude" estimaËe for

ttp rnild flow dísLurbances and in Ëhese cases they provide an "upper

bound" prediction of acoustic radiation from and Èhe accelerat,Íon response

of pipes downstream (or upstream) of an internal flow disturbance. The

, 
¿1, n and I n/I , data f or tfre straíght pipe f 1ow constitute a lo¡Eer

limit for all practical flow disturbances. Both the ,¿/rn and In/In

ËheoreËical estimates are essentially proportional to M t, and ínversely
D.

proportional to 32, and c.an be scaled. accordingly.

The theoretical estimation proce-dure is linited ín that ít. can

only be expected to,yield good results in ]-octave bands l¡trere coincidences

occur, and those are at frequencies aË which the higlr-er order modes

can propagate (k ai > l.B4). For the thin pipe (ß=0.0070) coincidences

occur with all the higher order modes (w-ith Ëhe exception of those

acoustíc modes with radial mode order p = 0: e.g. (011), (0r2)). As

has been seen in the precedí-ng section, for thícker pipes (ß=0.04648),

not all the higher order acoustic modes are coíncident. For propagating

plane acoustic waves, neither wavenumber nor fre-quency coincidence with

the. ::esonant structural mode-s of th-e. pipe can occur. Renniso¡ (7976)
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has discussed the concept of a lor^¡er bor:nd to the acoustic radiation

from pipes excited by propagatÍng acoust.ic plane r/\raves, based on the

radÍation from a forced vibrational response. IIe ohtained good

agreement between theory and prediction for a tr-igh1y-damped CP.V.C.)

pÍpe. Ilowever, in th-e case of a lighrty-damped sËeel pipe, the "forced

r¡ibrational lor,rer boundt' underestimated the pipe wall response by 30

to 60 dB and the aeousÈic power radiated by 2A to 30 dB. Tñe maximum

increases in boËh acceleration response and acoustic po\{er radiated

\ârere found to occur in those frequency bands in l'rfiich the density of

resonant. sÈructural nodes is highesÈ. Rennison (1976) shor,red both

experimentally and th,eoreÈically Ëhat the pipe wall response is resonanÊ

and not forced and that tlre resonant response and the associated acoustj-c

radiation resulËed from inlrcmogeneities ín the pipe and ín partícular

from variations in pipe wall ttr-ickness. Ilence, the joinE acceptance

betr¿een plane acoustíc râ/aves and the pípes resonanÈ structural modes ís

never zexo í:r:. pracËice althougb- ít is still small in comparison to the

higtrer order acoustic mode coincídences. In order to presenÈ theoretical

predictíons for k a. < 1.84, a procedure for estÍmatíng this joínt

accepÈance has to be developed.

7"5.2 Swnrñanq¡ o{ thø T[,tøonøÍicoJ- Etrüí]na.tiln PLoc¿dutLQ-

To estinrate pipe wal1 accelerat.íon leve1s and henc.e acoustic

ratÍation levels for k a. >- 1.84, ín a pÍping sysÈem downstream of

an Ínternal flow disÈurbance the follo'øíng procedures should be adopted,

C1) Conpute the varions resonant structural modes and the

coraresponding axial structural wavenurnbers in tlr-e regions of

interest using tÏr-e modified form of Ìlecklrs C7962) result as

presented in equation. 12. Bl
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(2) Estimate th-e overal-l modal quality factors Cqq) using

equations U.4l and 17.51 . EstÍrates h-ave to 6e made of the

internal quality factor of the material damping (Qi) and the

quality factor associated wittL the díssipation at structural

Joints

detail.

(aj). Rennison and Bull (f977) discuss this in considerable

(3) Evaluate tlre receptance function for the various coincidences

using th-e I'mean wavenumber coincidence" approach.

(4) EstimaÈe the bandw-idth of the joint acceptance function

(:!o(ot) for tÏre various coupled modes of interest, assuming

that thä h-alf-power bandwidth of the primary peak is sufficient

for Ëhe purposes of estlmatíon. Equation t7.8] can be used

to estimate this bandvridth çnujr)

C5) EsÈimate ttr-e bandwidtlr- CÀvB) over which tt¡-e wa1l pr:essure

flucËuations are signifícanÈ in the å-octave bands of interesË.

Equations 17.61 and 17.71 can be used for Ëhese estimatíons.

C6) Ilence, evaluaË " | ï/I n and I n/I n

(7) For dÍfferent florv Mach numbers (Mo) or pipe wall

thicknesses (ß) , , ¿/t, and I n/I, can be scaled accordingly

as M 3 or ß2 respectively.
0

(8) An estimation of the pípe wall acce.leration G r) and

the acoustic power radíated (Irr) can be obtained using the

data presented in Ch.apters 4 and 5 on the wa1l pressure

fluctuatÍons. Using these data, tn can be est,ímated ín the

*-ocËave bands of i:rterest and t; and In can trence be

evaluated.
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CHAPTER 8

CONCTUSIONS /LND RECO}MENDATIONS

8.1 col'/cLusl0ñs

This invesEigation tras been concerned with the effecÈs

of various internal flow disÈurbances on tÏre vibration response of

and Èhe acoustic radiation from cylindrical pipes with a fully-

developed turbulent flow. Detailed experimental resulÈs have been

presente-d for several internal flow disturbances, and certain

experimentally observed phenomena have been explained. Procedures

have been developed for tt¡-eoreËical-ly estimating the vibration

response of and the acous'tic radíation from cylindrical pipes

downst.ream of these floiu disturbances, at positions where a fully-

developed turbulent pipe flow has been re-established. Specific

conclusions relating Ëo the Various sections of this thesis have been

presented in the relevant earlier chapters. This section reiteraËes

the mo::e imporËanÈ of these conclusions, sunrnarÍses ttrem and makes

more general conclusíons about the overall problem.

As illustrated in the literature survey, very little work

has been published to daÈe on the internal acoustic ftelds generated

at and propagatí-ng from pipe fittings. In part,icular, Ëhere has

been very little aÈtempt to study the associated internal flucËuating

pressure fields (comprising turbulent and acoustic pressure fluctuations)

and their excÍtat-ion of the pipe wa1l. Thís Ínvestigatíon represents

an extensive experimental and tlnoretical study of pÍpe flow noÍse

associated r'rith- internal flow disturbances and Ís the first suctl

comprehensive study to be attemptecl . TFle maí.n conclusions are as

f o1lor,¡s.
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t1] T.nternal flor¿ dÍsturbances generate í¡rternal sound

fields wïrich may range from nild internal sound fields (associaËed

!ü-ith tle radiusecl bends, the 45o mitred bend and the gat,e valve) to

inÈense internal sound fields (associated r,rith the 90o mitred bend,

Ëh-e butterfly valve and the 55 mm orifice plate).

I2l The power spectral density of the wall pressure

fluctuations associated w-ith tfre 9Co mitred bend, the buttèrfly valve

and tt¡-e 55 mn orifice plate is many times larger than that associated

r,rith fully-developed turbulent pipe flovr. On the- other hand the

radiused. bends, the 45o mitred bend and the gate valve generate milder

wall pressure flucËuations thaÈ are not generally significantly

greater than those associated with fully-developed turbulent pipe flow"

13] For tlre particular case of the 90o mitred bend, in Ëhe

region of the flow separaËion at the bend itself, the dÍsturbance to

ttr-e wall pressure field of fully-developed turbulent pipe flow consists

of intense non-propagati.ng fluctuaËions. These have a maximum value

near reat,tachment. They are readily attenuate-d with downsËream dístance,

and beyond 12 dÍameters dow.nstream, Ëhe only remaining disturbanee

is an acoustic field conl-aining propagating higher order modes but

dominated by p1.ane waves.

14] For all fittings, the r^rall pressure field we.ll downstream

of ttre fitting (¡ ez 53) can be identifiecl as that of fully-developed

turbule-nt pípe flow with a superimposed acoustic field generaÈed by

and radiated from the florr disturbance ín the immediate vicinity of

ttre f itting.

15] At positions sufficiently fa:: away fron Èhe florn¡

ciisturbance, such that a frrlly-developecl Lurbul-enL pÍpe f 1or,¡ has been

P
re-esEablished, Ëhe power spectral density 0 at a gJ-ven Strouhal
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number and the lnean square pressure p" of the wall pressure

fluctuations associated r¿ith- the radiused bends, tlre 45o mitred

bend, the gate valve and the 65 mm crifice plaËe scale essentially

as U: and U4 ïespectively. For ttr-e 90o mitred bend, Ëhe butterfly00
val-ve and the 55 nun orifice plat.e, tlre scaling Ís as U3 and U4

00
below tlre cut-off frequency of ttrc first higÏr-er order acoustic mode,

and Us and U6 above it. The overall mean square pressure scaleso0
as U4 for Ëhe radiused bends, the- 45o rnitred bend, the 90o mitred

0

bend, tÏr-e gate valve, the buÈterfly valve and the 65 nm orifice plate,

and as UG for the 55 mm orifice plate (table 5.1). The 55 mn orifí-ce
0

plate diffe::s from tfre other pipe fittings because the higher order

acoustic modes dominate the ¡¿a1l pressure field in this case - hence

Èhe U: flow dependence for the overall mean square pressure
0

f l-uctuations.

16] The experimentally observed increases inpipe wall

acceleration and acoustic po!/er radíatÍon- (over those for straight

pípe flow), in a region where a fully-develope.d turbulent florv has

been re-established, are assocÍated \d-iËh th.e internal- sound fí-elds

generated by the flow disEurbances. In partÍ-cular, as V íncreases

above 0.10, Ëtr-e increases in pipe wall acceleration an<l acoustic

power radiation correspond to first the (1r0) and then other higher

order modes be-coming propagational . From both t-he å-oct,ave band

measurements ancl Ehe narror¡ band analyses, it. appears that the

increases in pipe wall acceleration and acousf:ic radiation due Ëo

any particular fuLgtr-e-r order acoustic- rnode are greatesË at and

es'senti.ally confined t.o frequencies close to tlre cut off frequency

of that acoustic mode. From the J-octave data presenËed, this is

most obvious where tl-r.e modes are r¿ell separated in frequency; it

can be see-n most clearly in the case of the (1r0) ancl (2,0) modes,

and to a lesser extenË in the case of the (4r0) and (1r1) modes
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r.¡hi-ch are fairly well- separated from the next h-igher rnode (th.e.

Cl ,O¡ rnode). In otlrer parts of the. frequency range examined, a

]-octave band is not sufficiently narro\^r- to allow Èhe effects of

fndividual modes to be seen Ín isolation, but the observation h-as

been very clearly confirmed by t?r-e narro\¡r C100 llz constant bandwidth)

band analysis.

I7l Associated increase in pipe wall response arfð exÈernal

acoustíc radiation aË frequencies below the cut-off frequency of

tlre first higtr-er order mode are due Lo plane acoustic \^raves generaËed

by ttr-e various internal flow disturbances. These plane waves

ProPagate away from the source essentíally unattenuated and excíte

the pipe wal1. According to Rennison (1976), the iual1 of a lightly

damped steel pipe response ín its resonant natuïal modes of vibratíon

as opposed t.o a "breathing" forced response which would be Èhe case

if the pipe were heavily damped. Rennison found that thís resonanË

pipe wall resporìse and the corresponding acoustic power radíation

are associated with the inherent ínhomogeneties ín the pipe and ín

parËicular ËLrc non-uniformity of the pipe wall thíckness. For all

the inÈernal flow clisturbances invesEigatecl here, even Ëhough the

response to plane r¡laves may be resonant, with the exception of the

tr¡o radiused bends (which do nol- generate any significanË addítional

pipe wa1-J- vibration and acousËic radiation over that of fully-developed

turbulent pipe flow), the pípe wal1 vibration and acousËic power

radiated by Èhe híglrer order modes dominate over the vibration and

radÍ.ation associated \,¡-ith t?r-e low' frequency plane r^r-aves. This ís

despite the f,act ËÎ.at in some cases, the l-or.r frequency plane r¡zaves

dominate tlre internal r¿all pressure f ield.
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IBI The reasons wtry th-e. effects of the internal acoustic

field, generated by flow disturbances, on tlre pipe wa1l vibrat.ion

and acoustic radiatíon are greatest at and confÍned Ëo frequencies

close to the cuÈ-off frequencies of the higher order acoustic modes

are (í) the Joint acceptance of sÈructural and acoustic modes peak

very sh-arply at wavenumber coincid.ence; (ii) wavenumber coincidence

occurs at the iesonance frequency of a struc-tural mode Cexãct

coincidence) or very close to ít, so tfraE the modal receptance ís

also at or close Èo iËs maximum value at coincidence; and (iii) by

the nature of trre dispersion (wavenumber-frequency) re-lations of

the acoustic and structural modes, coincidence occurs at a frequency

very close to the cut-off frequency of the acoustic mode. Thus, as

a resulÈ of coincidence, the higher order acoustic modes select and

enfrance- tTl-e vibration of ttr-ose resonant pipe modes whích radiate mosË

efficiently into the external f1uid.

t9] !trhile ín general, at distances sufficiently dor,vnstream

of the fitting such tt¡-at. non-propagaEíng disturbances have been

attenuated, the excitat.ion comprÍses of turbulent pressure fluctuatíons

and an internal propagatíng acoustíc fie1d, there are cases where

this is a¡rgmentecl by convected fluid dynamic disturbances, origínatíng

at ttrc fitting. Such a case is the vane-spÍ-ndle assemb1y of the

butterfly valve which- splits Èhe flow, resulting ín periodic vortex

she.d<ling í-nto the wake. The force fl-uctuations assoicated \^iith thís

phenomenon are produced in a frequency band centred on a characterísEic

frequency wtrich is flow dependerr.t. The pipe walt response and

exte-::nal acoustic radiaËion resultíng from these force fluctuations

domi-nate over the pl-ane lvaves at frequencies r'¡here this phenomenon

occurs.
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t10l The. unde-rstanding of tt'" ro1-e playe.d by coincidence

.of structurar and higher order acoustic modes is esseiËial to tfl-e

formulation of procedures for predicting pipe wall response and

acoustic radiation assoicated \,rith a given flow disturbance; for it

aPPears that., part.icularly in the frequency range of the lowest

order acoustj-c modes, which are fairly rrrell separated in frequency

attention must be paid to tlrc details of tfre structural redponse.

since wall pressure fluctuations due to fully-developed turbulent

pipe flow (which in practical applícations represenL a 1or¿er límít
of pipe wall excitation) and acoustic plane r,raves generated by flow

disturbances, as well as the hígher order acoustic modes associated

wiËh flow disturbances, contribuÈe to the vibrational response and

acoustic pov¡er radiationr anr successful- predicËíon scheme will

depend on knowledge of Ëhe relative proportions of these components

in Ëhe ÈoËal wall pressure fluctuations in any given frequency band.

If fl LongiËudinal space-Ëime corr:elations of, the '¡aIl
pressure fluctuations downsüream of an internal flow disturbance,

allow tlre internal acoustíc field to be separated from the turbulent

pressure field in various filter bands. The component of the wall

pressure fluctuations assocÍ-ated rvith plane $raves can be obtained

directly from the cross-correlaËions, but that assoicated wiLh the

higher order modes cannot. because of ttleir dispersive nature. Horrever,

the component of the wall pressure fluctuaËions associated r.rith the

hi-gtr-er order modes can be est.imated by subtracting the turbu-l-ent

and plane T^rave coltìponents from the total wall pressure fluctuatíons.

rn tfuis way, tlre wall pressure fluctuations assoicated triEtr- the

(1 ,0) higtrer orcler acousËic mode, í-n a frequency band embracing the

cut-off frequency, can be estimated fairly readi-1-y. Irowever in the

filËer bands containing other fuigher or<ler modes, the contríbution

to the rrall pressure flucËuations from modes with lolqer fre-quency
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cut-off freque-ncies cannot be separated from tl¡at due to the particular

modè of interest, since the higfr-er order modes are dispersive í¡r

cïraract.er. lTrus it is possible to estimate only ttr-e wall pressure

fluctuations assoi.cated wich all the higfrer order modes in these

filter bands. \,trhile it would be an additional advantage to be able

to make a mocial deeomposition, even ttlis information is useful in

preclicting the pipe wall response. Tfrese tecfniques are pårÈicularly

necessary for tlre milder fl-ow disturbances r'¡here the higher order

modes do not. dominate the internal wall pressure field but do

doninaÈe the r¿all res?onse and acoustíc radiation. llowever, they are

less powerful j-n cases where the turbulent. rvall pressure field

dominates over tlle internal acoustic field, such as that of the

radiused bends investigated. Ilere, the correl-atíon techniques give

on1-y plane waves and a combinatíon of turbulent pressure flrrctuatíons

and hÍgher order modes, hence the higher order modes cannot be

exl-racted from the total wall pressure fluctuations,

l12l For th.e 90o miÈred bend, which ís a severe flow

disturbance, ttre correlatíons indicate Ëhat the- Èurbulent ruall

pressure fluctuations and the plane v/ave components of the well

pressure fluctuations at:e of secondary ímporÈance compared to the

components assocÍated with the higher order modes (k ai > L.B4).

At low frequencies (k ai < 1.84) plane acoustic T¡/aves rlominate the

i-nternal wall pressure field.

l1-3] A theoretical predict-ion scheme v¡b-ictr takes a.ccount

of ttre dominant role of tTre coincidence plrenomenon and the relatj-ve

proportions of various components in Ëhe total wal1 pressure

fluctuations in any given frequency band where hígher order modes

are proPagational has been put forr,rard. For:r theoretícal estimation
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Procedures, all based on a general solution for tlre- dynamic response

of a thin-walled cylindrical shell to an acoustic presflrre field,

with approximations based on a detailed knowledge of the fuigher

order acousËic modes tlr-aË are excited and ttre degree to wñich they

dominate tÏrc i¡rternal wal1 pressure field are discussed. The mean

wavenumber coincid.ence approacfr- yields the best estimates. Tt¡-e

approach is based on the assumption that tfre acoustic mode wavenumber

function inËersects the resonant. sÈructural mode wavenumber function

aË a frequency that is equidistant from the sËructural modes on

eiËher side of it. Tlris approach avoids the gross overestímation

given by the obh-er Èhree approactres, and in particular the "exact

coincidence" approach r.rh-ich yíelds discrepancies between theory and

experinenË of up to 45 dB. This ttrcoretical procedure together wÍth

the various spectral data of the wal1 pressrrre fíe1d make ít possíble

to estimate the acceleration response of and the acousËíc radíation

from a pipe, downstream of arr internal flow disturbance, where a

fully-develope-d turbulent p:-'ofile has been re-established.

I14] Àgreement bet-ween theory and experÍment is good in

t-octave bands irL which coincidence occurs. For the thin-walled

pipe investigated, these coincident higher order acoustic modes are

present in all J-oct.ave bands at frequencies above the cut-off

freque,ncy of the firsÈ higtr.er order mode. Thís is not the case for

ttle tlr-icker walled pipe investignted; in this case coÍnciclence cannot

occur for certairr fr-iglrer order acousÈíc modes because their cut-off

frequencí-es occur at frequencies well bel-ov¡ the lowest possible

frequency of the resonant structural modes r^r-ittL matctr-ing circumferential

wavenumbers. lTrere is very good agreemenÈ for the C1,0) and (2r0)

higher order mocles, f or r^¡tli-cfr coincidence occl¡r's f or both pipes n arrd
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on ttle wtrcle, the theoretical estimates give a reasonable upper

.bound predicrion, especially wfren compared vz-ittr exact- coincidence

predicËed values.

I15] As a consequence of th-e modal density for fixed

circumferential structural mode order n being essentially independent

of ß, boÈh- tTr-e pipe wall vibration response and tÏr-e acoustic por^rer

radiated are inversely proportional to g2 in frequency trânds in

r¿trich tlrere are coincidenË higlrer order acousËic modes.

The effe-cts of radiused bends, orifice plates, a gaiue va1ve,

a butterfly valve, a 45o mitred bend and a 90o mitred bend on the

vÍbration response of and the acoustic radiation from a cylindrical

pipe wittt- a fully-developed turbulent flow have been comprehensively

investigated together with the characteristícs of the rn'all pressure

fields associated wíth the internal flov¡ disturbances. A theoretical

predictíon scheme has been put forward and agrees rn¡ell wÍth the

experimental- resulËs.

8.2 RF.C()MI,¡ENDATIO,VS

The researctr reported herein is tire second phase of a

comprehensive, fundamental investígaÊion of pipe flow noise. The

first phase was directed Èowards a betËer unclerstanding of the pipe

wall vibration and acoustic radiation due only to undjsturbed fully-

developed internal turbulent pipe flow (Renn-ison , 1976). Even on

compl-etíon of this se-cond phase many significant questions stí11

need to be answered before comprehensive design guidelínes can be

formulated concerning pí-pe flor¿ noise.

. ,Pa::t of the -work reported Ín thÍ-s investigation has concentrated

on establishing the pipe r,rall response and acoustic radiaËion from

the pipe remote frorn the cause of the flow disturbance. It is now
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possible to predict upper and lower bounds for the response and

radiatLon în trlis region and, if ttr-e pipe. wall pressure fluctuation

spectrum is known to predicË the response and radiation for that

particular case. However, it is not yet possible to predict except

on tÎ¡-e basis of experience r,¡Trat form the wall pressure spectrum r¿ill

take for any given type of flow disturbance. An extension of the

correlatÍon measurements, in regions remote from the distJrbance, Ëo

the. disturbances produced by orifice plates, va1-ves, tee-junctions,

and other bend.s, in addition to the 90o rnitred bend is also reqr,rired

(these measuremenËs allorn¡ the contributions from plane waves,

hígher order modes and fully-developed turbulence to be distínguished).

rn the absence of any procedure for predicting the form of the wall

pressure spectrum there may be merit in valve and pipe fitting

manufacturer:s providing thís information with their products to

assist pipe work designers.

Certain other aspects of the pipe flow noíse problem whích

require further research and development are:

t1l The effects of various intern¿rl- flow dísturbances on

pípes of different, material and damping prope::ties from steel e.g.

brass, P.V.C., and ín particular the ro1-e played by the propagating

higher order modes;

Í21 An exrension of rhe flow speed range ("0 0.20-0.50)

covered in the present work to both lorrer and higher f 1or,i speeds;

13] The effects of flanges, end conditions and effectíve

l-ength- on tlre pípe wall vibration and acoustic radiation;

14] TEe effects of flanges on the propagation of energy

along the pipe wall-s from the immedíaEe vicinity of the disÈurbance

to regions remote from it;
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I5l The. vibration response of and acoustic radiaËion from

tfr-e pipe wall in the Í-nmediate vicinity of the. disturbance and

their '; correlation with- the local wall pressure field (in ttr-e

immediate vicinity of Ëhe pipe fitting);

16] Ttre details of the flow in th.e region of the various

disturbances th-emselves, and their correl_ation r¡ith tTr_e pipe wa1l

fluctuating pressure spectra both in the region of the disËurbance

and remote from it.;

l'7) Tt¡-e effect of pipe warl thickness on the acoustic

radiation from the pipe in re-gions near Ëo th-e disturbance;

I8] Tfie effects of several. simultaneous flow disturbances

Ce.g. a valve and a bend in series) on trre int,erna]- wa1l pressure

field.

' The Present investigation has answered a number of Ímportant

questions regardÍng the mechanism of noise generation clue to

turbulent flow in an elastic pipe. Ilowever, as can be seen from the

preceding list, significant questions stÍ1l remain unanswered, and

this investigation has l-aid the foundaLions for further ÍnvesËÍgation.
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APPENDIX A

ESTTI"IATÍON OF ACOUSTTC COTNCTDENCE FOR HÍGflER ÔRDER MODES

From the soluËion to the vlave equat.ion for the pressure

assocíated with acoustic propagatíon in a stationary int.ernal fluíd.

the relatÍonshíp between the cuË-off frequency, (v _) , of the (p,q)th'"o'pq'

acoustj.c mode and its axial wavenumber, K*, as gíven by equaËion lZ.+l

is

2K c.xl-v2pq
(v ¡z +( )

pq \p ".
lA.1l

[4.2t

co

and, the resonance frequency of the (mrn)th st.ructural mode of a thin

cylindrical pipe, as given by equaËion [2.8], is

2
mn

v
,lt2x4

=6264+' m

K4

At coÍncidence,

(i) the circumferential distance along the pípe surface between

dlametral nodes of the (p,q)th acoustic mode Ís equal to

half the wavelength of the (m,n)th structural- mode in

the same dírection, thus n = p.

(Íi-) The structural and acoustic wavenumbe::s in the axial-

direction are equal - thus K* = K*

(1íi) The coincj-dence frequency is the resonance- frequency of

Èhe (m,n)th structural mode - urr. = urrq = u".

It should be noted here thaÈ the following derivatj-on applies to Ëhe

theoretical case of conti.nuous K* and does not take account of K
m

having only discrete values. Thus at coincidence,



v2= (v )2 +
" 

topq (

2

)' =ß2(Kl+K3)2* 
tl*l^"

(r2 +x2)2-m n

,lr2x)
=32¡4+ 'nK4

n
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t A.3l

tA.4l

la.sl

lA.6l

K 1s always sma1l in comparlson to K for l-ow ordermn
acoustic modes at frequencíes in Èhe region of coincidence (K, = mna./l

and Kr, = n). Furthermore for steel pipes, \, >> 1 and thus,

(v )co pq

and hence,

K4
m

K4

= 
j [(v
v2 co

SubstÍtuting for K* in equatÍon t,4.1] at coíncidence and

)
82n41_-

,4

( 'u 2

Pq (v )2co

For thin cylindrj.cal pipes, B2n) << (v
co

K4
nB2¡z

pq
l

rearranging,

co
v2

c ) (v
co

Pq
pq

¡z and thus,
pq

v2
c

(v ) nc. '+ co-Pq 
f *--Ll-

ú '\P".2( )v
co pq

Equation t4.01 can be rewritten as,

)vc =(vco
Pq ['.tqÇ'#f-)'



For steel pipes \p ttl and if we assume that c. 3 ce' then
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le. zl

le. el

tr. gl

v =(v
n2

zú4p
)c co pq

From equatíon [4.3], at coincidence,

and thus from equation [4.6] ,

K2
m

and hence,

*å={rt"'.- {v"o)n2nJ

K -K 3n
m

(v ) /ú

= tr2(v ) /rþ

"o pq
)

co pq
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TABLE A-1

A conparíson of the coincidence frequency wiÈh the corres-

ponclíng cuÈ-off frequency for several higher order acoustíc modes

for \, = 15.37, rl= 0.960 and "i= 
0.03627m, as obtained from equations

lA.7I and [4. 9 ].

Kd (v ) co
v/v

ccvnorp q mfl q co nq

0 0 0.0000

1 o 0.5861 0"L22L 0.1243 0.3566 1' 0181

2 o 0.9722 0.2025 o.2LL3 0.9186 1.043-5

0 L 7 .2L97 0.2s4L NOT APPLICABLE

3 0 1 .3369 0.278s 0.2983 1.6158 1.071r

4 0 r. 69 3r O. 3527 0. 3880 2. 4245 l-. 1001

1 t L.6970 0.3s35 0. 3557 0.6068 L.0062

5 o 2.0420 0.4254 0.4807 3.3284 1.1300

2 L 2.L346 0.4446 0.4s34 1. 3611 1.0198

0 2 2.233L 0.4652 NOT APPLICABLE

3 L 2.5812 0.5377 0.5575 2.2.452 1.0368

1 2 2.7L40 0.5653 0.5675 0.7674 r.0039

4 t 2.9891 0.6226 0.6s79 3.22L3 L.0567

2 2 3.L734 0.6610 0.6698 1.6596 r.0133

0 3 3.2744 0.6821 NOT APPLI.CABLE

5 r 3. 3BBO 0. 705 7 0. 7608 4 -2869 1. 0781

3 2 3"6533 0.7610 0.7808 2.67L0 1.0260

1 3 3.7692 0.7851 0.7873 0.9043 1.0028

4 ?- 4.0835 0.8506 0. BBs9 3.7652 r.041s
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TABLE A-2

A comparison betwe.r u"/u"o as obtaíned from (a) Equatlon

lA.Z]: (b) a numerical solut.íon of Hecklts equation and equation lZ.lrl

and (c) a graohical solutíon of Arnold and InJarburtonts equation and

equation lZ.+).

Calculated Heckl A 6, I^l

v/v
cv/vccov /vc co

p q co

0

I

2

1

1-

1

1.0181

r.0062

1. 0039

1. 0435

1. 0198

1.0133

L.077L

1. 0368

1.0260

L.Q206

1. 0104

1.0094

r.0582

1.0391

1.0456

1. 1043

L.0902

L.L376

1. 0302

1.0165

1.0152

1. 0671

r.0457

r.0529

I.Lt26

r.0962

L.L443

0

1

2

2

2

2

0

1

2

3

3

3
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A comparíson of the coincidence frequency wíth the correspondíng

cut-off frequency for several higher order acoustic modes for \r=15.37 ,

û = 0.960, "i= 0.03627m and ß = 0.0070, as obËained from the improved

approxlmation (Equatíon [2.L7 ] ). Vatne" of u"/u.o obtaíned from equation

A-7 are presented in the last column for comparíson.

i ¡quaËion lz.tl ] nquation[A-7]
norp q (v ) v^ v^/v^t'"o/Trg 'c c"co u"/uao

TABLE A-3

NOT APPLICABLE

o.L221, 0.L247

0.2025 0.2L44

o.254L

0.2785

o.3527

0. 3535

0.4254

0.4446

o.4652

0 "5377

0.s653

0.6226

0. 6610

o.682r

0.7057

0. 7610

0. 7851

0. 8506

1. 0213

1. 05BB

NOT APPLICABLE

0.3091 1.1099

0.t+I27 I.1701

0. 3571 1. 0102

o.52L2 L.2252

0.4617 1.0385

NOT APPLICABLE

o .5842 1-. 0865

0.5702 1.0087

0.7208 r.L577

0.6849 r.0362

NOT APPLICABLE

0. BB12 L.2487

0.8277 1.0876

0.7920 1.0088

0.9951_ L.L699

0

0

0

I

0

0

I

0

l_

2

1

2

1

2

3

1

2

3

2

0

1

2

0

3

4

1

5

2

0

3

1

4

2

0

5

3

l-

4

1. 0181

1. 0435

1.0711

1. 1001

L.0062

1. r_300

l_.0198

1.0368

1.0039

L.0567

1.0133

1. 0781

L.0260

1. 002 8

l-. 041s
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APPENDIX B

'GEIúERAI FOR¡IAITS¡ú OF THE PTPE RESP()ÍiJSE Af\/' ACOUSTTC RADTATT{JN

To estímate the vibration response of the pípe wall and

the external acoustíc radiation, the nature of the internal acoustíc

field has Ëo be known and in particular the varíous components of

the wall pr:essure flucÈuations.

Equations derived from a general solutíon to the dynamic

response of a thin-wa11ed cylindrical she1l to an acousÈic pressure

fíeld domj-naÈed by higher order acousËic modes leads to an est.ímation

of the acoustic radiation from and the acceleration response of

pípes wiÈh varíous ínternal flow disÈurbances as discussecl in ChapÈer 7.

Bull and Rennison (I974) have developed a procedure for calculating

Ëhe dynamíc response of a Èhin-rvalled cylindrical shell to the randorn

pressure fíeld generatecl by a fully-developed turbulenË Pípe flow,

and this procedure is summarízed here for an arbítrary randon wall

pressure field 0O(rrr). For the purposes of analysís, the pípe ís

modelled as a thin cylí-ndrical shell with sÍmply supported ends,

and t.he calculation of the sÈatistical properties of the vibratíon

response is based on Èhe normal mode methocl of generalised harmonic

analysis (Powell, 1958). The pipe strucÈure is considered to be

homogeneous over íts surface area and the resonant structural modes

whích make up the total response of the pipe sËructul:e are assumed

to be índependent and lightly damped i.e. no modal coupli.ng due to

damping occurs.

The spectral density of the displacemenÈ response' þe,

averaged over the pipe surface, to a random, stationary and homogeneous

pressure fiel-d as deri'ved by Bu1l and Rennison (L974), following

Powell (f 9-58) is



t ,þ'z" (r rl) j 2 (o)
ctc[

368.

lB.l l

ÍB.zl

t3.31

[f ortl = 0n(or) s2 [
0 2

z (o)
c,

where it ]] Índicates a spatial average over the vibrating surface,

0_(o) ís the po\^/er spectral densíty of the random wall pressure field,
P

S í-s the surface area of the pÍpe and g defines the co-ordinates of

the pipe surface. úo(r) defines the shape of the c¡¿ = 1' ... , N

independent norriral modes rvhich are assumed to be uncoupled and

orthogonal . The joint acceptance, i'oo(ul) of the cl th mocle, expïesses

the degree of'spatial couplíng that exists between the pressure

excitation and the structural mode, and Z (t¡) is the gene-ralísed'0

obstructance, where

Zo (tr) = Mo

(r)üJ
2-^2+i(=g-l
cxu

'O¿

[t o- f,> t] = [t o, Cr> ]l 'u

F

and Mo, oo and Qo are respecti-ve1y the generalísed mass, resonance

frequency and qualíty facËor of the a th mode.

The spectral de-r-rsity of the pipe acceleration response, 0;

averaged over the pípe surface is

Ilence from equation IS. f ]

¡¡,p..1o) 119,
L

[rvfrc'l t1 :froc,l
52Tir

M? 
LJ'

üJ 2

)
ûJ rlct

o'c[
+ (

4.lp
(') 2

OJ

ls.¿l



For homogeneous sÈrucÈures, and mode shapes corresponding to sirnply

supported ends, ,frfr{51 and Mo are indepenclent of o; also Írþ'lf = ',
and M = p hS/4 for all modes (Both sets of rnodes as given by the.S

separable functions, equaÈion [2.11] ' must be consÍdered for Èhe

calculation of a homogeneous vibratíon response Èo a circumferentially

homogeneou,s excíÈation, Powell (1964)). Hence

369.

ls.sl

[ 8.6]

[¡.2]

-q',!4-
0n (ur)

4
j 2 (o)

cI,cl

o2h2's
I
c[ 2

tr - (:-q)tlt
0)

+

The non-dimensional spectral density of the pipe walI acceleratíon,

averaged over the pipe surface is o-(o), where o-(o) = [tÖu(r)l /"'#1.eeÇ
Experimental data of the power spectral densÍty of the wall pressure

fluctuations are presenÈed in t-he form of the mean non-dimensional

porrer spectral density On (ur)

can be non-dímensíonalised

0n (o)uo/clar. Hence, equation 8.5

o2- ¡'t3 
^ 

.'ts o a
2j (o)
CÌ OT

0..(o)
Ç

on (ur) 12 ß2{ra*
I
OI

lr - ,,
2

1--e-
ûJ

ui 2

l

The specÈral densíty of the acoustic por^ier radiation from

the pipe can be defined as

or, (ur) = Rrrd [t o, ]1.r2

where Rr",l = o..uS oo ís the pípe radiation resistance, oo is the

radÍation raËío: 0. and ce aTe respectively the der'síty of and the

speed of sound irr the fluid gutside the pipe and S is the surface

area of the pi.pe. The uon-dimensional spectral clensJty of the ac.otrstic



i

I

1

I

I

po\der radíation, 0T , ís defined as on(ur) = 0,,r(ur) /o"c2s a* r hence

on (ur) = O- (u.r) oo 5r/v2

370.

ln. sl

0 2
fsM3a

o l-1T

(r¡) p j (o) oa2
d0

and t B.el

Equatíons [s.0] and t¡.9] can be used to predíct the acoustic

radiaËion from and the acceleration response of pipes with varj.ous

inËernal flow disturbances by averaging over V3 octave bands (hy

integrating and dívíding by the bandwídth), as discussed in detaíl-

Ín Chapter 7.

op (o) r2Tzv2vf.ra^
i
(l

tr - (;r' tz + lüf
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APPÉNDIX C

VART()US EXPERTI'I{EIITAL RESULTS TOR OR'IFTCE PLATES

Äs mentíoned ín chapter 3, most of the results presented for

the oriffce plates (chapter 7 ) were obtained in conjunction wíth

Hyland (Lg7g). A more extensive sel-ection of Hylandrs (L979) results

are presented here for comparíson r¿ith the oËher internal flor¿ disturbances

reported on ín this thesis.

The data presenter¿l comprise (i) Non dimensional specËra of wall

pressure fluctuaËions; (ii) Non dímensíonal spectra of acoustíc power

radíated; (iíi) Narrow band analysis of acoustic por¡Ier radiated; (iv) Non

dímensional pipe wali acceleration spectra; (v) Narrow band analysÍs of

pipe wall acceleratíon; and (vi) Spectral densíties of pipe wall

acceleïation, acoustic por^7er radiation and radíation ratios relative to

sËraíght pipe flow.
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