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SUMMARY

Mean fIow characteristics in the fully-deveìoped tut"bulent pipe flow

approachi ng an ori f ice pì ate, i n the reg'ion of separated f I ow and 'in

the flow downstream of reattachment up to and beyond the point where an

undìsturbed pipe f]ow reg'ime is aga'in established, for a wide range of

fìow speed and orifice sizes (0.62 < D0 < 0.83), have been studìed'

Mean positions of separation and reattachment points have been determjned

using a surface fence gauge. The development of the free iet shean

ìayer in the separated flow regÍon downstream of the orifìce and necovery

of the attached flow to the fulìy deve'loped state are discussed. Tìme-

histories of the streamwise fluctuat'ing veìocity very close to the wall

have been obta'ined by means of a pnobe incorporating three wires. The

mean position of the reattachment point deduced fnom these measurements

is compared with the results obtajned with surface fence gauge and

surface hot film.

The effects of shear flow on the transmission of sound waves in a hard-

walled pipe are theoneticaì1y'investigated. A fulìy deve'loped turbulent

velocity profiIe, where various regions are appropniate'ly represented,

has been used. Results for the effect of shear flow on the acoust'ic

pressure and radìal veloc'ity d'istribution, cut-off frequency and modal

phase speeds ane discussed.

Measurements of the power spectr^aì density and nms value of the wall

pressure fluctuations, p'in the initìally undisturbed flow, in the

separated-flow regìon and in the re-establ'ished fully-deve'loped p'ipe

flow have been made. Scalìngs for p'and the spectra in the various

regions have been suggested. Higher-orden acoustic modes in the wall-

pressure spectra upstream and downstream of the onifice, have been

identjfied. Attenuation and van'iat'ion of cut-off frequenc'ies of higher-

onder modes w'ith the orifìce size and flow rate are discussed. Measure-

ments of the axial velocity fìuctuat'ions ìn the separated flow, far



downstream and upstream of the orifice pìate are presented. Flow

regions where higher order modes are detectable have been identified,

and vaniat1on of their cut-off frequenc'ies with fìow rate'is compared

with the results obtained w'ith the walì pressure measurements.
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CHAPTER 1

I NTRODUCTI ON

1.1 Genenal Introducti on

There 'is an i ncreas'ing emphas'is on reduc'ing the no'ise I evel s 'in the

industrial environment, and this has gìven rìse to a large amount of

noise leg'is'lat'ion; a long exposure to ver"y high noise levels can be

a health hazard leading to a permanent hearing'loss. Use of fìttings

in pipe-f ines with movjng fìu'id 'is unavo'idable, and it has been

recognised that p'ipe fittings can contribute signifjcantly to the

overall no'ise level'in an industrial situatìon. The flow disturbance

caused by these p'ipe fittings excjtes the higher order acoustic

modes in the flujd, thus generatjng an internal pressure fjeld wh'ich

'is the sum of turbul ent and acoust'ic pressure f I uctuat'ions. These

pressure fluctuat'ions excite pipe-wa'll vibrat'ion wh'ich tnansmjts the

acoustic energy to the atmosphere.

The acoustic energy pnopagates both upstream and downstream, the

propagation being governed by the convected-wave equation. The

solution of this equation appìied to fulìy-developed turbulent flow

leads to a set of characteristic pressure patterns across the pipe'

the so-called higher-order acoust'ic modes. The lowest (plane-wave)

mode propagates at alì frequencies but the higher onden modes

propagate on'ly at frequencies above the'ir cut-off frequencìes. In

the real situation, the noise genenated by flow sepanation ìn the

pìpe covers a wide frequency range w'ith many modes sjmultaneously

propagati ng.
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Previous invest'igations by Karvef is (1975), LJalter (1979), Rennison

(1976), Norton, (1979) and Hyìand, (1978) have been concerned with

the ef fects of p'ipe f i tti ngs , ê.9. bends , va] ves and ori f i ce

pìates, on vibrational response and acoustic radjation from a pipe

with ful'ly-developed turbulent flow. The work reported here is

concerned with detailed mean-flow measurements and the generation

and propagati on of h'igher order acousti c modes i n fu'lly-deveì oped

turbulent pipe fIow with sepanation caused by an o¡ifìce p]ate.

L.2 Literature Review

Fìow separat'ion in a fuì'ly-deve'loped turbulent pipe f'low js a matter

of concern to designers as 'it poses difficulties for mathematical

modelling, and understand'ing of it is poor" b.ecause of the inabi'lity

of conventional instrumentation to measure in reversing flows.

The f low structure assoc'iated with separat'ion and reattachment of a

turbulent shear ìayen is important in a large number of engineening

appì ì cati ons . The f 'low, after separat'ion, becomes a f ree shear l ayer

whi ch gnows 'into the adjacent reci rcul ati ng f I ow, so that f i naì'ly

the separated shear ìayen curves sharp'ly towards the wal'l , where

part of the fluid 'is deflected upstream. The separated-flow

region seems to be dominated by'low frequency oscjllatjons, and, in

order to understand the separated fìow, one should understand the

behaviout of reattaching flows. Until recently, few reliable

quantitative data on the structure of separated flow were available,

owing to difficulties with measurement. The quaìity of available

data'is now improvìng, with increasing use of the laser anemometen

and mult'i-wi re probes.
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Most of the studìes of the neattaching shear ìayen are confined to

two-dìmens'ional flows, such as steps and sudden expansions;

good revìews of the available data have been presented by Bradshaw

and Wong (1972) and Eaton and Johnston (1981). Langren and Sparrow

(1967) reported some measurements on the streamwise static pressure

variation fon an end-cap orifice in a tube, and derived the length of

the separated-flow region from these measunements. McGuinness

(1978) studied the ìarge-eddy structure in a separated flow beh'ind

an orifice at the entrance of a pipe. No detailed measurements of

flow structure after the separation caused by an orifice plate are

reported in the literature. To the author's knowledge the onìy data

on the ìength of the reattachment downstream of orifice plates are

those compiìed by Dyban and Epik (1972), but they did not study the

effects of Reynoìds number.

Beyond the reattachment, the boundary layer agaìn begins to deveìop

and after many p'ipe dìameters (40-50) downstream the flow returns to

the fulìy-deveìoped undisturbed state. Numerous measurements of

flow structure downstream of the disturbed flow are reported, but

again a'lmost all of them ane for backward-facing steps and

sudden expansìons (Bradshaw and Wong (I972), Ethridge and Kemp

(1978), Smyth (1979) , Eaton and Johnston (1980) ) .

It has been establìshed (Stratfond (1959)), tfrat the logarjthmic law

of the wall is valid just before separation and aìso beyond re-

attachment. Stratford observed the ex'istence of a half-power

law in the separated-flow region, while according to Schofieìd (1981)

this extends to the whole region of adverse pressure gradjent; beyond

reattachment the extent of the ha'lf-power law decreases and that of

the loganithmic region jncreases. These studies and those of Perry

and Schofield (1981,1983), Simpson, Strìckland and Barr (I977),

s.impson , chew and sh'i vaprsad (1981 ) , Perry and Fa'i nl i e (1975 ) and
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Schofield (1981) are related to two-dimensìonaì flow. Simpson

(1982) proposed a correlation for the backf low mean-velocity prof i.le'

based on the max'imu¡n reverse velocity and'its distance from the

wall. Schofield (1982) used the dìstance of the point of zero

velocìty from the wal'l instead of maximum reverse velocjty and

obta'i ned an i mpnovement on Si mpson's correl at'ion. No such compre-

hensive mean-flow measunements for the fully-deve'loped turbulent

pipe f'low, with flow disturbance caused by an orifice' are available.

Ir is established (Karvelis (1975), Norton (1979)) that fìow

separatìon jn fully-deveìoped pipe fìow, caused by pipe fittings,

generates an intense internal fluctuatìng pressure field wh'ich is

the sum of the turbulence and acoust'ic pressure fluctuat'ions. The

pressure and veìocity spectra of the intennal sound f ie'ld show a

strong plane-wave component at ìow frequenc'ies and the presence of

higher-orden acoustic modes at the higher frequencies. In the pìane-

wave range the spectra have peaks at characterist'ic frequencies and

the hi gher-orden acousti c modes are most 'intense at f requenc'ies

cìose to thejr cut-off frequencìes. The acoustic modes thus generated

travel w'ith small attenuat'ion in the direction of flow and upstream.

Acoustic energy 'is also dissipated to the atmosphere through the

p'ipe wa1l, by means of vibration excited by the jnternal wall-pressure

field. Theoretical studies of acoustic plane-wave and multi-mode

transmiss'ion'in pipes with no flow have been made by Cnemer (1956)'

Heckl (1958) and Morfey (1971). V'ibnational response of the pipe to

the random wal'l-pressure field, due to the flow separatjon caused by

the pipe fitt'ings, has been jnvestigated by Karvel'is (1975), Renn'ison

(1976), Hyland (197S), Norton (1979) and tlalker (1979). Kuhn (1974),

and Kuhn and Morfey (1976) investigated the transmission loss of

sound through pìpe walìs. Nonton studied the excìtation of the pìpe
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wall and sound power rad'iation from a pipe carrying fulìy-deveìoped

turbulent flow with various valves and fitt'ings. Karvelis's work is

mainly an experimental investigation of the waì'l-pressure fluctuatìons

i n p'i pi ng contai ni ng cont rol val ves .

To the author's knowledge, no systematic experimental study of the

propagation of higher-order acoustic modes in the pìpe with fully-

developed turbulent fìow, on the vaniatìon of cut-off frequency wìth

the fìow speed, is reported jn the lìtenature. It ìs known that the

cut-off frequencìes of the hjgher-order acoustic modes are reduced

by a facton of lry with uniform mean f'low (Mason (1969)). In a

pìpe carry'ing fulìy-developed f1ow, the mean-flow velocity varies

over the cross-section even when the flow is undisturbed, and con-

sider"ably highen flow velocìties ex'ist'in the separated-flow region

and'in the vicin'ity of it. Now the interesting questìon is what js

the flow Mach number which determines the factor by whìch the cut-off

frequenc'ies are reduced. HOw do the cut-off frequencies change with

flow speed? Cut-off frequency for a propagating mode may change w'ith

streamwjse distance; therefore the cut-off frequency of a given mode

must correspond to the Mach Number at one part'i cul ar streamwi se

position.

In onder to study the variation of cut-off frequency and modal

amplitude one needs to separate the higher order acoustic modes.

Various researchens have separated the higher order modes in a duct

w'ith mean flow (Bolleten and Chanaud (1970), Mugr'¡dge (1969), Bol'leter

and Crock er (I972), Moore (I972-19), Karvel i s (1975), Norton (1979) ).
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In the above cases, cross-correlation between two hot-w'ire anemometers

or two pressure transducers has been used to separate the various

order modes. CnoSS-correlat'ion techniques' which can be used to

determine whether the acoustic energy being tnansmitted js in the

pìane-wave or a higher'-order mode, were used by Karvelìs and more

recently by Norton. Norton extended the technique to jdent'ify the

contribut'ion of plane-waves and higher order modes to the wa'll-

pressure fluctuations'in Various frequency bands. Howeven, in

general, separation of radial mode orders ìn addit'ion to the circum-

fenenti al ones, r.equ'i res traversì ng the measuri ng ì nstrument acnoss

the radius or making measurements at more than one rad'ius.

Kerschen and Johnston (1980, 1981a,b) deveìoped a technique whìch

separates broadband noi se pr.opagati ng ì ns'ide a ci rcul ar pì pe

'into the highen-order acoustic modes. The technique uses

combinat'ions of the instantaneous outputs of microphones located

around the p'ipe circumference. It has some advantages over the

cross-correJation method: the instantaneous values of the modal

coefficient can be studied (cross-cornelation techn'ique produces the

power spectral densities of the modal coefficients), and considerable

simpìification in measurements occur when the various cìrcumfenential

modes are not correlated. Thìs techn'ique has been used'in the

present i nvesti gat'ions.

Beatty (1950), Ingard and sjnghal (1974) and Howe (1979) studied the

attenuat.ion of sound'in c'ircular p'ipes. In all these cases' only the p'lane-

wa.ve mode was studied and Beatty did not consider the effect of flow.

Ingard and Singha'l denived an expression for the attenuation of the

p'lane-wave mode. Doak and Vaidya (1970), using perturbat'ion methods,

obtained analytical expressions fon the attenuatìon of h'ighen'order

and pìane-wave sound propagation, as a functjon of frequency, fon
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nearly hard-wa'lìed pìpes. They included the effects of the uniform

mean flow but not of shear.

Fricke and Stevenson (1968), Fricke (1971), Norton (1979) and Buìl

and Norton (1981) have studied pressure fluctuations in separated

flows. Fricke and Stevenson and Fricke from their measurements in

flow over a fence concluded that the total rms wal'ì pressure fluc-

tuatìons are associated with the convected turbulence in the shear

layer and ruled out any s'ignifìcant cont¡ibut'ion from acoustic

waves. Bull and Norton and Norton made measunements ìn fuììy-

developed turbulent pipe f'low through a 90" mitred bend. They

showed that, after about 12 ptpe d'iameters, the total rms pressure

reaches an asymptot'ic value, hìgher than that found ìn und'isturbed

flow; the difference was attributed to the contribution from the

hìgher-order acoustic modes. Mabey (I972) summarises varìous

measurements of wall-pressure fluctuatìons in separated flow, and

demonstrates that spectra for various fìow geometries show

.similarity when pìotted'in terms of a frequency panameter based on

the reattachment length.

As d'iscussed earl i en, the total rms pressure w'il I be composed of the

turbulence and acoustic pressure fluctuatjons, and both will contribute

to the particle velocjty, u . Both the turbulence and acoustic

pnessure vany with streamwise djstance x, and therefore u wìll also

vary with X. Hence the velocity spectrum may, at certain streamw'ise

'locations, show spectraì peaks corresponding to the higher-order

acoustic modes, and may aìso show up radìal modal patterns at a gìven

x, depending on the relative amp'litudes of turbulence and acoustic

contributions to u . In the present jnvestigation, extens'ive hot

wjre measurements have been made to ident'ify the higher'order acoustic

modes from the velocitY sPectra.
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So far, the literature rev'iew has been concentrated on the mean-flow

measunements, measurements of the pressure fìuctuat'ions and separation

of acoust'ic modes. In order to predict the cut-off frequencies of

the higher-order acoustìc modes and thein nelative magn'itude at

various radial locatìons, one needs to know precìseìy the variation

of acoust'ic pressune and cut-off fnequencies in the fulìy developed

turbulent pipe fìow. After a classic paper by Prìdmore-Bnown

(1954) on the propagation of acoustic waves'in a two-dimensional duct

with fìow, numerous pub'lications have appeared ìn the lìtenature.

The eanlier studies were limited to the two-d'imensional duct, but

later Mungun and Plumblee (1969) derived an equat'ion for the sound

propagation in a circular duct with mean f'low. Studjes by Mungur

and Plumblee and others (e.g. Savkar (1971), Shankar (1972a,b),

Ko (L972-73), Mìkhail and Abdelham'id (1973a,b)) were limjted to

annular ducts or to the use of a mean-velocity distribution given

by a power law or a boundary ìayen with unjform flow in the core. An

excelìent review of the ava'ilable literature is presented by Nayfeh,

Kaiser and Telionìs (1975). In the present work, results for the

sound p¡opagat'ion 'in c'ircular duct wjth hard walls using a fuìly-

developed turbulent flow profile have been obta'ined.

1.3 A'ims of the Present Investiqation

As dìscussed 'in the pneceding section, little work on the deta'iled

structune of the separated flow caused by an o¡ifice plate'in a

pi pe, or on the reattachi ng ì ayer, 'i s reported i n the I 'iteratu re.

Extensìve experimental data on the vibrational nesponse of the pipe

and the acoustic radiat'ion from it, for various flow disturbances,

have been collected. Almost all of the available literatune on

noise due to internal flow d'isturbances ìn pipes is concerned with
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the process of conversion of the pressure fluctuat'ions associated

with a g'iven jnternal acoustjc fieìd, by their jnteraction with

the p'i pe wal I , i nto external I y-radi ated acoust'i c energy. No comp re-

hensive measurements in fuìly-deveìoped turbulent pìpe fìow of

the propagatìon of hjgher-order acoustic modes, or of the variation

of the'i r cut-of f f requenc'ies and modal -ampì itude attenuat'ions

w|th flow speed, S'ize of obstnuction and streamw'ise diStance are

avai I abl e.

In thjs investigat'ion comprehensive measurements of the flow resuìting

from the Separation of a fully-developed turbulent pipe f'low, caused

by an orifìce plate, have been made.

The generaì aims of the investigat'ion can be def ined as fo.ìlows:

(i ) The development of an analytica'l lnethod for the solution

of the convected-wave equation for sound propagation in

fully-developed tunbulent pipe fìow (with the appropriate

mean velocìty profile), for use in the study of

(a) modal cut-off frequencY,

(b) acoustic pressure, ax'ial panticle veloc'ity and rad'ial

pantìcle velocity vaniation across the pipe radìus,

(c) modal Phase sPeed,

and thei r variat'ion with sound f requency and f low Mach

number.

(i i) To measure mean-veloc'ity profiles downstream and upstream

of the orifice plate and the positions of the separ^atìon

and reattachment poìnts, and hence to study the flow

development through separation and reattachment.

('ii'i ) To study the wal'l-pressure chanacteri st'ics, spectrum I evel s

and generation of h'igher order modes for varìous sizes
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of orif ice plate and f'low speeds. It is also 'intended to

study the va¡iation of modal ampl'itude and cut-off f requency

w'ith streamwise djstance for various flow condjtions, and

to establ i sh the effecti ve Mach number of the f1 ow system

by which the cut-off frequencies ane scaled.

(iv) To study the turbulence properties and velocity spectra

for va¡ious flow speeds and orifice sizes, and to identìfy

the reg.ions in the flow where the higher order acoustic

modes are detectable. It is also intended to study the

variation of the modal ampl'itude of the axial component

of acoustic particle velocity across the pipe radius, and

the va¡iation of cut-off frequency w'ith flow Mach number, and

to relate them to the waìì-pressure and theoret'ical results.

(v) To study the fluctuations in the ljne of flow reattachment.
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CHAPTER 2

PROPAGATION OF ACOUSTIC I'IAVES IN FULLY-DEVELOPEIJ

TURBULENT PIPE FLOW l^IITH HARD I¡IALLS

2.I I nt roducti on

Disturbances to fu1ìy-deveìoped turbulent pipe fìow which cause flow

separatìon are responsib.ìe for the generation of a strong sound

field jn the flow which propagates throughout the fluìd in the

p'ipìng system. The pressure spectrum of the sound field shows a

strong plane wave cornponent at low frequencìes and the presence of

hi gher order acoustj c pi pe modes at hì gher frequenci es. Earl i er

studjes of acoustìc wave propagatìon in circular and annulan ducts

wìth hard walls were limìted to axisymmetric modes. In the study of

externaì no'ise radi ati on f rom pì pì n9 systems, resuì t'ing f rom pì pe

wall vibrations excited by ìnternal acoustic fields, it is irnportant

to know the pro¡lagational characteristics of both syrnntetrical and

asymmetrìc acoustic rnodes. It is also irnportant to know the modaì

cut-off frequenc'ies fairly accurately to enable modes to be iden-

tifjed in pressune and velocity spectra and also for the pred'ictìon

of "coincidence" (phase speeds of structural and acouStic modes

being equaì ) frequencies excited by fìow disturbances.

Various aspects of acoustic wave propagation in cìrcuìar and annular

ducts wìth soft and hard walls containing shear flow have been

studied by a number of investìgators : Mungur and Plumblee (1969),

Doak and Va'idya (1970), Eversman (1971, I972, 1973), Ko (1972 and

1981), Savkar (1971), Shankar (I972a,b), Mikhail and Abdelharnid

(1973a,b). An excellent review of the work has been presented by

Nayfeh, Kaiser and Telionis (1975). In almost aìl cases the mean

velocity profìle of the shear flow has been taken as that of fuììy
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f ì ow or as a un'if orm core f I ow wi th a thi n boundary

However Savkar, Shankar and Evensman have given results for a

I/lt"h power ì aw ve'locì ty di stri buti on. Th'is di stni buti on gi ves dn

infin'ite slope at the waìl; and hence the resuìting wave equation is

s'ingul ar at the wal I . I n the present study a three-reg'ion (vi scous

sub'layer, ìogar^ithmic regìon and central core region) mean ve'locìty

distribution has been used. The results have been obtained by nurnerical

solution of the convected-wave equatìon, for fìow Mach numbers up to

0.6. The numerìcal scheme, for any specified acoustìc mode, flow speed

and pipe waìì impedance, allows the determ'ination of the cut-off

frequency of the mode, and, for any specified vaìues of the frequency

parameter uafc, the propagation constant of the rnode and the radìal

distribut'ion of acoustic pressure and veìocity. Although the scherne

ì s appì'icabl e to both hard-waì I ed and soft-wal I ed p'ipes , only resuì ts

fon hard-walled pipes, whìch ane relevant to vibration of and acoustic

radjatìon from ìndustrial pipìng systems, have been included. Centre-

l'ine Mach numbers up to 0.6 and values of ua/c up to 30 have been

considered adequate to cover cases of jnterest. Total temperature has

been taken to be constant acnoss the pipe d'iameter.

2.2 Acoustic Wave Propagation in a Pipe for the Cases of Statìonary

Internal Fluid and Uniform Flow

The wave equation govern'ing propagation of acoustic pressure waves

'insi de a ci rcul ar pi pe contai ni ng stat'ionary f 'lui d i s,

L ã2p
ë ètZ - Vtp = 0, (2.1)

In the solutìon to thìs equation for harmonic waves jn a hard-

walìed pìpe of constant cross-sectional area, the pressure can
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be represented in the forrn (in the cootd'inate systent illustratecl ìn

Fi gure 2.1 )

p = Cp(.).ì (k*x+m0- urt) Q.2)

The so.lut'ion rnust be cont j nuous at e = 0 and 0 = 2r, and theref ore rn

must be an'integen. The function P(r), nepresenting the radial

variation of pressure amplitude, ìs then g'iven by the Bessel equation

+
m2( *mn - r.z)P 0 (2.3)

The sol uti on satì sfyì ng the wa I I boundary condì ti ons and rernai ni ng

finite on the pìpe axis can then be expressed'in the welì known

form (see e.g. lvlorse and Ingard (19b8))

P(n,o,x) (A,,,n cos nì0 + Bmn si n me )J¡,(r,nn r)ei (krx-.'rt ) .

\'¿.4)

The r<¡,¡ are e'igenval ues whi ch sat'isfy the hard-wal1 boundary

cond'itì on

J'( Knrn a) (2.5)

where the prilne denotes differentìatjon of the tsessel funct'ion

with respect to its argutnent, and the axial and transVerse wave

number cornfJonents are rel ated to the f requency by

K2 +k2 (2.6)

The dì spersi on reì at'ion betrnreen k* and o can theref ore be wri tten i n non-

dimens'ional fonn as

dzP I
aFz+r

dP
Ar

= IT
mn

0

Xmn
rår.

c

Kx=t 0 Kmnâ t (2. t)
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FIGURE 2.1 : COORDINATE SYSTEM

X



The (rn,n)th acoustic mocle has m plane diametral rnodal surfaces and

n cyìindrìcal nodal surfaces concentnìc with the cyf inder axis; it

can propagate onìy at frequencìes above'its cut-off frequency

whi ch i s gi ven bY
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where K* = k*a, f) = uafc, and the p'lus and minus signs

to wave propagatìon jn the positive and negative ax'ial

di recti ons respecti velY.

At cut-off there 'i s no

the pi pe and therefore

co r res pond

coord'inate

(2.8)(n co)¡¡¡ = 16¡ô

The rnodes can be classìfìed as pìane waves (tn = n = 0), syrnmetrìc

hi gher order modes (m = 0, n > 1) or asymmetri c h.i gher orden

(spinning) modes (m > 1, n > 1).

propagatíon of sound en,ergY

the axiaì grouP veloc'i tY is

frequency 'increases above cut-off, the wave fortn begins spiralìing

down the pi pe, f i nal ly approach'ing pl ane wave vel ocì ty 'i n both

phase and group velocìtY.*

For the case in which the fluid'insìde the pìpe is in uniform

axial motion wjth veloc'ity U and Mach number M, the governìng

equatìon is formalìy the convected-wave equation

J{r+.+d* +rpf;#-v2r:=o
(?.e)

For harntonic waves the variab'les are aga'in sepanable and the pressure

can be represented by equat'ion (2.2). The radial distnibution

functjon is aga'in given by equatìon (2,3), the so.lution can still

be expressed by equation (2.+), and the eigenvalues Kmn ôre given

by the boundary conditìon equat'ion (2.5). This is to be expecte<1

a'ì ong

zero. As

X (see e.g. pa
phase veloc

ge 70, Stephens and Bate
Ity aña grbup velocjty)

(1966) for definitions of
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Sìnce the system of acoustic tnodes in a Stationary fluìd 'is simply

be.ing transl ated rel at'ive to the space-f i xed coord'inate reference

frame at mach nunber M. Equation (2.6) is, however repìaced by

k* )2K2
mn

+k2
X

tr)(- - Ì4
c

(2.iu)

(2. 13 )

the term M k* bei ng assoc'iated w'ith the Dopp ler f requency shi f t

experiencecl by a stationary observer as a result of the fluid ntotion.

The non-dimensi onal d'ispersi on rel at'ion f ol I ows f rom equat'ion

( 2.lu ) as

-Mnt/ffi
(2.11)

kx=

whi ch repl aces equati on (2.7 ) .

Positive and negat,ìve values of k¡, (whìch do not coincide ex-

clusjvely with the positive and negatìve s'igns in equatìon (2.L

correspond to downStrearn and upstream propagatìon respect'ively.

The cut-off frequency ìs mod'ified to

(a co),nn = ( rmna )/ I-Mz , (2.1'¿)

and ìs associated with a wave pnopagatìng upstreant and havìng an

ax'ial wave nutnber of

1))

Kx=
ttTÃz

3 The Convected -f'lave Equat'ion i n Cvl i ndrica.l Pol ar Coord'inates for
2

Ful ly -Devel oped Shear Flow

When the pi ¡-re contai ns a shear f I ow the convected-wave equat l on

wh'ich then governs acoustic propagation does not adnrit simple

anaìytica'l solutions as in the two l'inliting cases wll'ictl have been
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referred to. The complexity intnoduced by the cornb'ined effect of

conVection and ref ract'ion result'ing f rorn transverse velocìty

gradients necessitates numerjcal solutions. Numerical resuìts for

varìous aspects of propagation in circuìar or annular ducts have

been obtainect by Mungur an<l Plunblee (1969), Lversman (197ia, 1973),

Shankan (Ig12) , Ko (i973, 1981) and M'ikha'il and Abdel harni d (i973a,b)

Doak and VaiOya (197tJ). A cornprehensive review of lìletnods ot

calculatìng wave propagatjon in ducts carry'ing shear flows is

g'iven by Nayfeh, Kaìser and Telìon'is (1975).

The derivation of the WaVe equation governing propagat'ion of sound

i n a ful ìy-devel oped duct f low 'in cyì i ndrica'ì polan coord'inates 'is

gì ven by Mungu r and Pl umbl ee (1969 ) . The terrn f uì ì y-deve'loped , as

used here, ìmpìies that the mean f low'is confjnecl tt¡ the axial

cli necti on (the mean f I ow vel oc'ity components i n both the ci rculn-

ferent'i al and rad'ia.l di rect'ion are zero) and tltat the rnean f I ow

velocjty at a given rad'ial posìtion is ìndependent of the ax'ial

coondinate. The only mean Shear is therefore that associated

with the variation of axjal mean velocìty U with the radial

coordinate,nameìyaU/ar.Theeffectsofv.iscosìtyarenegìected

except in so far as they govern the mean-veloc'ity d'ist¡ibution.

Under these condjtìons the equatjons obtained by first order

perturbatìon of the t{avier-Stokes equatìons and the continuity

equat'i on, I i neari sati on by subtract'i on of the t'ime averaged

quantitìes, and neglect of products of perturbation velocities

are given bY Mungur and Plumblee as

âu AU Au -lâP
ãT+v¡.+U3¡= %il 

(2.14)

-1!l-
po a r

â v av
ât+UâX

ôp+u4
ãx

1

(2 .15 )

ÐVll

¡t
Por ôÐ

(2.ib)
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and

(2.17 )

In additìon to the neglect of viscous effects, jt ìs assumed that

the effects of thermal conductivity of the fluid are neglìgible;

this allows the pressure and density fìuctuatìons to be isentrop'icaì ly

rel ated so that

P -- pc2 (2.18)

In Mungur and Plumblee'S anaìys'is the tetn¡rerature of the fluid is

taken to be uniform throughout, in which case c is constant.

Additì on of the three equat'ions obta'ined by d'if f erenti at'ion of

equations (2.14), (2.15) and (2.16) wjth respect to x, r and 0

respecti ve]y , and the use of equati ons (2.15 ) , (2.I7 ) and (2 .i8 ) ,

leads to the convected-wave equat'ion in the form

1 a2p
ETë -rl * MrålF - zpo. ## - v2p = u

(2.1e )

For the uniform flow case aM/ar = u and the equation neduces to

equatìon (2.9), whìle for statìonary'internal fluid M = U and the

equatìon further reduces to equation (2.1).

For a harmonjc wave prclpagating ìn the direction of f1ow, with p and u

proporti onal to exp['i (vx-r¡t ) ], where v i s a propagati on constant,

a â
U ) = i (uU-r,r)

#*, #* oot #*# -+#) * oo T=,

à2p
â xat

(
ât âx

= - ir¡(1-MK) (2.20)

where K = vc/rrr and M = Ú/c js the local fìow Mach number. Here v is

al I owed to be comp'l ex, so that i ts real part i s the ax'i a.l wave nulnber
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component k* and its compìex part gives the spatiaì attentuation of

the acoust'ic wave. Equations (2.2O) and (2.15) allow the nad'iaì

acoust'ic velocity component to be expressed as

v=
1

i por(1-MK)

âp

âr
(2.21)

Substìtution of equat'ions (2.20) and (2.'¿I) 'in equatìon (2.19) tnen

I eads to
(2.22)

+ *r+ * z l# * M, åi+ - Trif,a¡ # # - v2p = u

Separati on of al'l vari abl es 'is aga'in possi b'le, ancl the acousf ic

pressure can be expressed ìn the fonm

p = Cp ( r )"ì (vx+m0 -urt ) (2.23)

Combi nati on of equati ons (2.22) and ('¿.23) and j ntroductì on of

the norr-dimens'ional variables ç) = t¡a/c and R = r/a yields the

equati on for the radi al di st ri butì on functi on P (R ) :

d2P I 2K
aF + 1¡- + fs( åËlåË + n2[(r-mr)z - K2 - nåþt, = u

(2.24)

The boundary condìtions to be satisfied are that

(i ) dP/dR = 0 for axisynlmetric (m=0) modes

P = 0 for asymtretric (rn > 1) modes
at R = 0 ('¿.25)

and

(ii ) ß = p oc v/p at R = 1, whene ß is the specìfic acoustic

admi ttance of the Pì Pe waì'l .

From equati ons (2.2L) and (2.23) the I atter condi t j on i s equ'ival ent

to



dP

--.:dR-l
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f¿ß[ (1-MK) P]R=I (2.26)

which, for the case in wh'ich the mean flow sat'isfies the no s'lip

condit'ion at the p'ipe wa'll (M = 0, at R = 1), becontes

dP
dR aßP at R I (2.21 )

For a hard-walled duct (ß = 0), trlis boundary conditìon furthen

reducestov=0or

dP
ã=0atR=1 (2.28)

The s'inguìar nature of equat'ion (2.?4) at R = 0 prohjbits appìic-

ation of the boundary conditìon (2.25) at the centre of the p'ipe.

Eversman (3) has dealt with the probìem by shift'ing the centre to

a poÍrìt n, where ¡ << 1. In the present study a1so, the boundary

conditjons are applied at a point close to the centre (e.g. ¡ < (.).U01).

Mungur and Plunrblee (1969) derived equat'ion ('¿.24) and dev'ised an

'iterative trial and error process for detenmin'ing the K eìgenvaìues,

ut j I ì si ng a f ourth-order Runge-Kutta numeri ca'l i ntegrati on scherne.

They present results for the shapes of axisymmetric (rn = 0) modes

in annular ducts with rìgid walls containìng fuìly-deve'ìoped

I ami nar f I ow wi th a parabol'ic di strì butì on of rnean vel oc'ity.

The same equation has also been solved numen'icaììy by Evensman

(1970) using simjlar techn'iques. The results gìven by Eversman

are for the effect of shear flow on the attenuation of axisymmetrÍc

acousti c waves ì n a soft-wal I ed ci rcul ar pi pe wi th a tnean axìal -

ve1 oci ty dÍ st rì buti on cons i st i ng of a cent ral negi on of unì f orrn

flow and a boundary ìayer region adjacent to the pipe waìì in

1
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which the mean ve'locity drops s'inusoidal'ly (over a quarter-wave)

from the core-flow value to zero at pìpe waìì.

Eversrnan LIgl2l usecl a 1/Nth power law ve'locìty prof i le to solve the

same equation for the case of lìned annular ducts. He derived a

method to avoi d another si ngu'lari ty (due to i nf i n'ite sl ope of the

velocity) at the waìl because of ll¡th powen ì aw.

Propagation of plane waves in a two dimensional duct containing sub-

sonic flow was consìdered by Shankat 11972). He solved the'initiaì

value pr"obìem in time and space withìn the framework of a pertur^bation

scheme about unìform flow. Though his scheme can be used for

weakly sheared flow, it cannot be used for boundany layer type

flow e.g. no slìp boundarY.

Shankar (I972a) fras also obtaìned numerical soìutions to equatìon

(2.25) for hard-wal led c'i rcular pìpes and annular ducts with a 1/7

power distribution of ax'ial mean velocity over the flow cross-

sectìon. Results are gìven for mode shapes and propagatìon

constants (both real and complex, the latter corresponding to cut-

off modes ìn a hard-walled duct), but aga'in the analys'is ìs confjned

to ax'i syrnmet ri c (m = 0 ) rnodes .

Mikhaiì and Abdelhamid (1973) g'ive results of nurnerical solut'ions

for annulan ducts for both axìsymmetric and asymmetrjc modes for

the same form of mean velocity dìstribution as used by Eversrnan

(1970) for incompìetely-deve'ìoped flow and for a parabcl i c

profìle of fuì'ly-developed flow. They have considered the effects

of mean-f I ow Mach nurnben and f nequency pararneten on ¡node shapes

and propagatìon constant for both upstream and downstream wave

propagatìon. The results jndicate that the acoust'ic waves are
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ref racted towar<ls the wal I f or downstream propagat'ion and away

from it for upstream propagation, and that the effect ìs greater

the greater js the mean flow Mach number and the greater is the

dìfference between the frequency of the wave and ìts nlodal cut-off

frequency.

In the anaìys'is of the response of the waìl of a hand-wal I ed pì pe

to excitatìon by an 'internal acoustic field in the presence of

shear flow, and the external acoustìc power radiated by the

vibrating walì, non-axìsymmetric modes (m É 0) may be as important,

if not more important than, axìsymmetric modes. It will be noted

that jn a pipe wìth stationary'internal fluid the non-axisymrnetric

modes (1,0 ), (2,0) occun at 'lower f requenc'ies than the I owest-

frequency axi symrnet ri c mode, the (U,1 ) .

Since the level of pipe waìì response to exc'itation by these

acoustic modes depends on the degree to which the'ir phase velocìties

and wave numbens match those of f I exural waves i n the p'ipe waì'l at

a given frequency, it is ìmpontant to be able to calculate the

effects of a shear flow (and Ín particular that cornesponding to

fuìly-deveìoped turbulent pipe flow) on mode sha¡-res and phase

Velocitjes of both axjsymmetric and non-ax'isymmetric acoustic

modes.

To this end, the convected-wave equation denived by Mungur and

Plumblee, equat'ion (2.24) has been solved nume¡ica'lly fon both

upstream and downstream waVe propagat.ion, over a range of values

of the non-dìmensìonal frequency parameter 0 < 0 < 30 and for a

range of flow conditions. In all cases, a rad'ial distnìbution of

mean axial veloc'ity corresponding'in detail to that of fully-
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developed turbuìent pipe flow has been used in the analys'is

(although no account is taken of the effects of the tunbulent

motion jtself on acoustic wave pro¡-ragat'ion). Calculations have

been made for flows with various values of Mo, the centre-'lìne

Mach nurnber, in the range 0 < Mo < 0.6. Results will be presented

for all modes with 0 < m < 5 and 0 < n < 5 (see Figure 2.2).

However before results ane cons'idered, details of the mean velocìty

profile used and of the technìques used to obtajn the nurnerical

sol uti ons wi I I be gì ven.

2.4 Mea n Vel oci tv Profi I e

So that the mean vel oci ty pr^of i I e used i n the cal cu.lati ons i s

truly representatìve of fully-developed turbulent pìpe f'low at all

nadial ¡tos'itions, three regiorls are distìnguished - the v'iscous

sublayer and buffer ìayer, the logarithrn'ic region and the central

core reg'ion, each wìth'its own fortn of veìocity distribut'ion, with

appropriate matchìng cond'itions at the I im1ts of the regìons.

+2.4.1 hlall neg'ion : 0 < Y < 33.2

The basic relatìon fon the velocity d'istribution in thjs

region, which 'includes the viscous sublayer and the buffer

ìayen, has been based on the veìocity gradìent dìstribution

given by Buìl (1969), namelY

2 1 Y+
+-6'' (a (2.2s)

where a'and b'are constants with the values a'= 4.0 and

b' = l30U . Thi s re'lat'i on yì el ds the appropri ate 1 i rni tì ng

form of velocity distrìbutìon at small Y+ namely

#+=11 *S.å,$, ,] -Y+ / a'
g,
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FIGRUE 2.2 : PHYSICAL INTERPRETATION OF THE MODE NUMBERS IN THE (M,N) MODES
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U+ = Yt + cY+4 { ...

where c.iS a constant, and at, Very Smal'l Y+ neduceS t0 the

subl ayer vari ati on

U+ = y*. (2 .31 )

Integratìon of equation (2.29) 'leads to the velocìty

di stri buti on for thi s regi on, whì ch wi I I be denoted by

Uü, gìven by

+ ( 3+2Y + (2.32)
a

where Ya = Y+/a' . Th'i s 'i s i n cl ose agreernent w'ith the

di str.i but,ion recommended by coì es (19b4) f or thì s regì on

(see shubert and corcos (1967)) and at Y+ = 33.2 matches

the I ogari thm'ic prof ì I e as gi ven bel ow 'in secti on 2.4.'2

w'ith ts = 5.U.

2.4.2 Lo arit mlc re 10n

0nce y+ exceeds 33.2, it is assumed that the velocjty

di st ri but ì on 'i s 1 oganì thlnì c wi th the bas'i c f orrn

(2.30)

.7201
uü = u11e * ¡l - t;Qz0+72oYu+360Y2 +120Y3 + 30Ya +oYs +Y6)

) le-Ya) ,\'2a

u+ = 1 ln Y+ + B
K

(2 .33 )

withK=0.4IandB=5.0.

2.4 .3 Composite vel ocitY Profi I es

calculations have been made with two different forrns of

composìte vel oci ty di stri buti on, one based on the ve I oc'i ty

distribut.ion in the central core regìon of the flow given

by Townsend (1976, P.149) and the other based on the
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correct'ion function proposed by Allan (197U).

For the core region, Townsend gìves the parabo'l'ic distrìbution
1

u+ = uå - 
ã 

*r (t - y/a)2, (2.34)

valid for a < Y/a < 1. This distrjbution follows from the

'lì near variati on of shear StresS wi th radi al dì stance wh'ich

characterises fully-developed turbulent f'low together w'ith

the assumption of constant eddy v'iscositV v, oven the

central negion of the flow. The flow constant for the

central reg'ion R, is given by Rs = RU./v ., The value

of a corresponds to the poìnt where the eddy vìscos'ity

in the equif ibrjum regìon of the turbulenl boundary layer at

\/a < cr, which is given by KU"Y, becomes equa'l to the

constant value v of the core regì on. Th'is I eads to
T

o = l/KRs (2 .35 )

tJith Townsend,s value of R5 = 15.2 and K = 0.41' a = U.160.

For Y/a < c (but outs'ide the buffer layer), the logarithmjc

relation of equation (2.33) applìes. The composite profi'le

i s thus

U
(2.36a)

(2.36b)1-
-ln Y' + B
K

for 33.2 v/U, < Y < 0.16a

I
a

1 )2 for 0.16 < y/a < l.u (2.36c)

The relation between the frictìon velocjty and the centre-

I i ne f I ow vel oci ty i s obtai ned by equati ng the I ogarì thrn'ic

and core distributions at Y/a = c as

+ Uü foro< Y+<33.2

s

1

-R
2

Uå

+
oU

luRel
irnta) + B + inr{r-c)2,

(2.37 )

where the Reynolds number [ìe = Uoa/v.
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The di st ri but'i on gi ven by Al I an appl i es to al I radi al

posit'ions outs'ide the buffen ìayer. For a pipe wjth a

smooth 'internal wa'11 , it tak'es the forrn

U+

with K'= U.7 ancl the "correct'ion" function

= 1,n y+ + ts + K'f"(I, K'),K 'a

f v_

a
c )K

1 - cos(eyla)
1-cosß

(2 .38 )

(2.3e)

(2 .4r )

The parameter ß ì s the sol utìon of the equati on

ß sin g 1

ñsß=-KT. (2 .40 )

With K = 0.41 and K' = 0.7 its nunrerica'l value is ß = 4.466b

(a value sl'ightly different froilr that given by Allan, ow'ing

to a sl i ght'ly di f f erent chq'ice here of the val ue of K) .

Equatì on (2.38 ) tfren becomes , wi th B = 5 .UU,

u* = 1 ln Y+ + 5.563 - u.563u cos(4.4666 v/a).
K

For y+ < 33.2 the va'lues of K'f.(J/a, K') are'insign.ificant

compared w'ith the values of Ufi given by equatìon (2.32),

and hence the correction function can be app'lied at alì y.

The compos'ite distributìon'in this case therefore becofiles

U+ = K'f c , K') +
v_

a
uü for o < Y+ < 33.2

(2.4?)

I,n t* + u for 33.2 v/u. ( Y ( a

K

The express'ion f or Uf i s gi ven by the second re I at'i on of

equation (2-42) with y = a, or by equatiorr (2'4L) ' ancl ìs
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'fc(1,K')

+ 5.7U

rewritten as

cz(R)
+ 

-P 
= U

¡12

+
U

1 Reo

= -l¡- + B + K*uå

1 Reo

= -l¡-*uå

o

For calculation purpoSeS, where the centre- lirre f ìow veìoc'ity

Mach nurnber is assigned a chosen value, it ìs necessary

to solve either equatìon ('¿.37) or (2-43) by iteration to

determi ne the val ue of Ui, and hence Ur, to al I ow a'll

parameters .in equat'ions (2.36) or (2.42) to be evaluated.

0f the two prof i l es consi dered above, equati ons (2.36 )

and (2.42), because the former based on Townsend's paraboììc

di stri buti on i n the core negì on has a dì sconti nu'ity i n sì ope

at y/a = ü ¡ and falls beìow the logarithnlic-law l'ine (as

shown in Figure 2.3, in which U+ - UTog, the dìfference

in U+ given by equations (2.36b) and (2.36c) has been pìotted),

the .latter has been preferred. Although resuìts for both

profi I es have been obtai ned, on'ly those obtai ned usi ng Aì I an's

profi I e functi on are Presented.

Uf and then U. were evaluated by ìteration of equatìon

(2.43), f or Mo between tl.U5 tr¡ U.ti.

2. 5 Numerical Procedure

Equation (2.',¿4) has been soìved nunrerìcal'ly, ds an initial

value problem, by means of a fonward integratìon procedure

ernpìoying the fourth-order Runge-Kutta method (Kreyszig, 1972).

(2 .43 )

('¿.44)
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where the coefficients C1(tt) and 02(H), whjch are dependent on R

through the Mach number variat'ion across the pìPê, âre g'iven by

zKR dM
Cr = | 4 

-
' l-MK dR (2.45)

and
C2 = (Rn)2[(1-MK)2 - K2] - m2

The boundary condit'ions for a hard-walled pìpe are

dP
ãR = 0 at the wal'l (R=1 )

and those gìven by equat'ion (2.25) at R = 0.

Equation (2.44) may be rewritten as pai r of fi rst-order

equati ons

dP
A'F=Q

and (2.46)

ct(n) ce(n)
=--fì--Þ R-R2

If the region 0 < R < 1, whene the solution 'is nequìred, ìs d'ivided

into N steps wjth a step w'idth h (not necessanily constant), then

P¡+1 and QN+1, the the values of P and Q at R = (n+l)h, can be

obtained from the corresponding vaìues Pn and Qn at R = nh fnom

the rel ati ons

Pn+l=Pn+h(Qn+fn)

and

Q¡+l = Qn + ri, (2'47)

whe re

Kn = 1/3 (An + Bn + C¡)

*
Kn = 1/3 (An + 2Bn + ZCn + Dn)

dQ

dR
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An = 1/2 h f (Rn, Pn, (ln),

Bn = 1/2 h f(Rn + I/2 h, Pn t Bn, Qn * An),

Cn = 1/2 11 f(Rn + I/2 h, Pn I ßn, Qn + Bn),

Dn = !/2 h f (Rn + n, Pn + ôn, Qn + 2C¡),

ß¡ = L/2 h (Qn + L/2 An),

ôn = h (Qn + Cn).

(2 .48 )

Equations (2.47) and (2.48) with the init'ial values fon Po and Qo

allow tquation (2.44) to Oe ìntegrated numericaììy over^ the pipe

radìus fnom R = 1 to R = 0 and the value of Pn at R = 0 (subject to

qualificatìon for the singularity at R = 0 discussed below) obtained.

The pnocedure for solvìng Equation (2.44) is then as follows (and

as Val ues of P and K are cornpl ex fon soft-wal I ed ducts and 'i n soilìe

cases, di scussed I ater, for hand-wa.l I ed ducts aì so, i t i s done

ì n comp'lex mathemati cs ). Val ues are chosen f or

(i) centre line flow mach Mumber Ms,

(i i ) c'ircumferenti al mode ordeF, n ,

(i'iì) radial order, n, and

('iv) non-d'imensional frequency parameter' o.

The initìal value of dP/dR ìs zero at R = I (i.t. Qo = U)' The

inìt.ial value of P at R = l can be arbitrarily assigned and'is here

taken to be Po = (1+'i ) (and thì s does not af fect the e'igenvaì ue K' of

the equatìon (2.44)).

A value of K ìs then assumed for the gìven Ûì, rl, Mo and n and the

integration using Equations (2.47 ) and (2.48) carnied or¡t across

the pi pe radi us start'ing at the wal I . Smal'ler steps are taken i n

the sublayer and buffen layer negions, y+ < 33.2 (h=0.0005) tnan

in the ìoga¡ithmic and core region of the velocity profile (h=0.02)'
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The.integration is continued to the poìnt Y = l-e (e << 1) iust

short of the pipe centre-lìne ('it cannot be taken right to the

centrel.ine, Y = 1, because of the singula¡ity assocìated w'ith the

terms (l/R) (dP/dR) and m2lR2 at R = 0). If the boundary cond'ition at

the centre line (Qn = 0 for m=0 modes or P¡ = 0 for m > 1 modes)

is not satisfied (wh'ich generalìy wiìl be the case), the'integratìon

is repeated wìth a new vaìue of K. A good'initial guess for K (as

suggested by shankar (1972a)) is the value corresponding to uniform

flow with Mach number Mo, for the given m'n and Q' As the K value

for the sheared flow l'ies between the uniform and no-flow vaìues'

the .initial guess for K (in increments aK) 'is moved towards the

no-fìow value and the variation of P and Q ('i.e. dP/dR) across

the pipe rad'ius calculated till the pressure d'istribution exhibits

theappropr.iatenumbenofs.ignchanges(namelyn)betweenY=0

and Y = l-e, and Satisfies the boundary condjtion. In pract'ice'

to reduce the comput'ing time, P and dP/dR ane not calculated across

the compìete radius for an assumed value of K, but a check'is kept on

the number of sjgn changes in the pressure and 'if th'is number exceeds

the requ.ined one, the ìntegration is nestanted from the wall wìth

a new guess.

The s.ituation is complicated in the case of a soft-walled pipe or

when K is compìex for a hard-waììed p'ipe (discussed later in this

section),asthecheckonsignhastobekeptforboththereal

and imagìnary values of P and dP/dR; and to complìcate the situation

further, a change in the guess requ'ires a change in both the real

and imagìnanY Parts of K.
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After the range of K is establìshed, the jncretttent is cut to haìf

and the i ntegrat'i on i s repeated. The i ncrement 'i s agai n cut to

half, and added to or Subtnacted frorn the previous Value Oepending

upon the numben of s'ign changes ìn P (or dP/dR for the m=U case).

The process 'is repeated unt'i 'l the boundary condì ti on at the centre

i s sati sf i ed. The i ntegnatì on i s then stopfred arìd the guess ì s

the required value of K. Integratjon 'is also stopped if the

ìncrement becomes less than a specìfied'l'imit (a value of 1U-10 js

used). In real arithmetic it 'is almost 'impossìble to achieve a

value of ze¡o for P and dP/dR for the boundary conditions to be

satisfied, and hence a value of 10-r+ js normal'ly used as the

lim'it. This procedure for findjng the roots of equat'ion (2.aa) 'is

illustrated in F'igure 2.4. A step s'ìze of 0.01 has been found

to be adequate for n > ("pqa), but for oçq ( ç¿ ( (rp.'¡a) a

smal I er step s'i ze (0.001 ) ì s requì red.

For eactr value of the frequency paratneter n, there wì ll be two values

of K whi ch wi l l sat i sfy equat'i on (2.44 ) , one corresPondì rtg to

downstrearn profragation and other to upstnearn propagatìon (see F'igure

2.6). Ihe effect of shear is not to change the fretluency (9ìven

by rrna = (frco)Uf) corresponding to zero axial wave number k¡,

and thenefore for Q < (nco)¡¡ both the values of K wilì be negat'ive,

i.e. both will correspond to upstream propagation'

values of K wilì be real (ìmag'inary part zero), for frequency

greater than the cut-off fnequency ft.s of the mode, but for

0 < flco, K wìll be compìex, ì.e. the acoustic wave will be

attenuated with distance. 'Iherefore, flco is the limìtìng

frequency, above whìch K will be real.
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Tabl e 2 .1

Mo = 0.2, Q = 20, A = 0.90842 Modes (2,n)

a ues or un onn
f 'l ow, AMo

n

e rence

Real lma I na

-'¿.226

-0.006

-u . rJ42

-u .07 3

-u .100

0

1

2

3

4

5

6

1

I

9

- 
K (= K¡/o)

Real I Imagì naryReal llrnag'inary-
CIco

0.834520.853523.00930

-0.2780.788420.790626.59636

-0.1230.713490.714369.80387

-0 .05 10.ô00140 .6004512 .9509ti

+0.0230.427360.4272616.07541

+0.5650.10376-0 .1031819.18925

+0. u820.50935-0.187880 .50e37-u .1889822.2919'¿

+0.b19u.8092u-0.187880.80962-0 .1890525.40463

+0 .839-u.18788 1.049521.05028-0 .1894728.5117U

+0.985-u .18788 I.26454i.26586-0 .1897 531.62116
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Table 2.1 shows a typical set of nesults for tlte values of K, in

th'is case for the (2,n) modes for Mo = 0.2 and f¿ = 20. It iS ev'ident

that when O < Oco, the K have non-zero ìrnaginary parts. (Calcul-

at.ions for the (u,n) modes w'ith Ms = 0.3 and o = 2u and with a fnean-

velocity distributìon corresponding to a I/]th power ìaw reproduced

the results of Shankar (Ig12b) accurate to three decìmal places')

2.6 Cut-0ff F uen 0a.l cu I ati ons

The fol lowing properties of the cut-t¡ff f requency of an acoust.ic

mode are used i n the scheme f or i ts I ocat'ion '

(.i ) At f requenci es bel ow the cut-of i f requency propaeatì on 'is

not possible and K then has a non-zero imagìnary part.

(.ii ) At the cut-off f requency, the two solutions of equat'ion

(2.44) become ìdentical.

(i'ii) At the cut-off fretluency the group veloc'ity dç¿/dK'is zero'

But its calcuìation is much more cumbersonìe than the calculation

of K, because hene for each assumed value of fnequency parameter

Q, both the eigenvaìues of the equatìon (2.44) have to be calculated

using the procedure described ìn section 2.5. lhen the process

has to be repeated for other assumed values of n'

The first trìal value of n is chosen between (nco)¡1p arìd

(oco)ur ancl K is calculated (both the eìgenvaìues if K ìs real).

Now the frequency step size, which is half the d'ifference between

Kmnâ (=Oco) and (ngs)¡f, is halved, and added to the pnevious

trjal value of n ìf the K calculated has a non-zero ilnaginary part

(subtracted, 'if K is real) to form the new trial ç¿. The pnocess

i s repeated unti I

(i) K is real and the two ejgenvaìues are the salne, and

(i'i ) the f requency step size 'is less than the specìf ied tolerance

(tu-to¡ '

This scltene is illustrated in Figure 2'5'
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2.7 Ef f ect of Shear Flow

The ef fect of shear- f 
.low on acoustic wave propagation 'in an annul ar

duct has been discussed by Mungur and prumblee (1969), Mikhail and

Abdelharnid(1973a,b)anclShankar(1972a'b)forthecaseofamean-

veloc.ity pr"ofile made up from a thin boundary layer and a un'iform

core f I ow. Here, the ef f ects of shea r, wi th a ve.loci ty ¡-rrof i ì e

givenbyequat'ion(2.4?),onphasespeed'acousticpressuneand

radia]ve]ocitypnofììes,andmodalcut.offfrequencieshavebeen

i nvest'igated.

2.1.r D'i s oe rs ion Cunves

Typi caì di spers'ion curves (Kx v' o ) ' deri ved f rorn neal nutneilical

solutions for K(Kx = oK), those for the (0'0) ' (2'3) and (5'4)

modes,aneshown'inFigure2.6forMo=0'0'2and0'6'together

with curves for no flow and uniform flow with M = Mo' The

curves for shear flow lie between those for no flow and un'iform

f]ow.Theeffectofflowistotranslatethedìspersioncurve

towardslowerfnequencìesandlowervaluesoftheaxìa]WaVe

numbercomponent.Theshapeofthecurveforthefu-ìly-

developed shear flow is simìlar to that of the no-flow and

uniformf]owcurves'butthecurvejsshjftedlessthanthe

un.iform_flow curve. compared with the no-flow case, the effect

offlowistherefore,ìnpart.icu]ar,toreducethecut-off

frequencyandtodisplacetheax.ia]wavenumberâtwhichit

occurstoanegat.ivevalue.Shear.flowcut.offfrequencìes

are higher than the un'iform-flow values'

For K* = 0 'i .e. K = 0, equatìon (2'24) reduces to

d2P 1 dP m2 -^
ffi+Faf+[ç2-¡-zJP=u (2.4e)
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l.e

d2P I dP

AGtrI" + kR-l- 6[RaT + [1 TCIrì-)z .lP=U

whose sol ut'ion i s gi ven by J'n(nR) = Q ;

and the boundary cond'ition to be satisfied is

m2
(2.50)

(2 .51 )

J',n(stR) = U (2.52)

Th'i s 'i s the same aS f or the no-f l ow and uni f orrn-f l ow cases .

Therefore, f or a gi ven mot1e, the shean-f I ow va'lue of Q corres-

pond.ing to Kx = 0 is the same as that for no flow and un'ifonttl

fìow, and ìs independent of both flow Mach number and its

radi al di stri buti on. The di spensi on curves for the three

cases therefore pass through the same poìnt at K* = U, as

shown in Figure 2.6.

In the case of the plane wave (U,0) rnode, K for uniforrn flow

(l1 = No) ì s independent of f requency and equal to I/(1t¡'t) .

Shear flow not onìy'increases the value of K but also makes it

frequency dependent, i.e. even the pìane Wave becomes dispersìve

(see Tab'l e 2.2).
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Tabl e 2.2

Numerical solutio r K : (0,0) Mode; M,.t u.2, D ownstream Prop aqat i on

,þ/,

o . Approx.
shear fl owfor

1

2

4

6

8

lLl

L2

14

16

18

20

22

24

26

28

3r)

Í

¡t

il

¡t

ll

¡

¡

Sheared fìowUni f orrn f low

0 .85339

u.85373

0.85423

u .85493

u .8557 9

0 .8567 8

0.85786

0.85898

u.86010

0.86121

0.86227

u.86328

0.86424

0 .86515

u.86602

il
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2.7 .'¿ Modal cut-off frequencY

Cut-off frequenc'ies have been calculated for twelve values of

Ms ìn the range 0.05 to 0.6, for modes with 0 < m < 5 and

0 < n < 5; these values are shown 'in table 2.3. They are ìower

than the cOrnesfrondi ng no-f low va lueS, but sOnìewhat h'i then tltan

those for un'iform flow w'ith M = Mo (ìn whìch case the cut-off

frequencies are reduced fnom the no-flow values by a factor

/T-M-ã) . These etf ects are i ì lustrated f or typì ca I cases i n

Fì gure 2.7. I n general , the fJrogreSS'ion of cut-of f f re,luenci es

fol lows that for no f 'ìow. However, 'it i s 'interesti ng to note

that in two cases, those of the (4,0) and (1'I) modcs, the

onder of progression is reversed.

The nunrerical Scheme for the calculation of cut-off frequency

describecl in section 2.6 takes a Very large amount of computing

time, as t¡ial values have to be selected for botlt fnequency CI

and K; and the computì ng ti ttte i ncreases wi th tlre mode orden and

the Mach numben of flow. However, as 'illustrated in Figure 2.8

by the values for (U,1), (2,3) an<t (5'4) modes, tlte ratìo ot

cut-off frequency to the no-flow value iS very nearly a unìque

fu¡ction ol Mach nuntber (aìthorigh there is a suggestion tlìat

the ratì o ì ncreases s.l i thtìy ¡1ì th 'increasi ng mode order at a

g'iven Mach number). In fact, as found by Mìkhail and Abdeìhamio

(9,10), the cut-off fnequency can be closeìy appr"oximated by

that in uniform flow with an effective Mach nuntben M. = AMs

obtained by averag'ing oven the shear flow Mach number profìle,

whe re

A dR. (2 .53 )

(Note that M. is not a mass-weighted average Mach number over

the p'i pe c ros s sect'i on . )

I I
I lq(n)
0Mo
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Tabl e 2.3

(a) nss for Mo = 0.05

(b) Qço fot" Mo = 0.1Ù

5

n

n

U

1

2

3

4

5

6

6.41 1u4

10 . 510 38

13.9741r

I7 .2968r

20 .557 L2

b .3962b

I0.48U59

13.e3278

17 .24461

20 .4947 6

5

U

I

2

3

4

5

6

m

0 1 2 3 4

3.82782

7.00839

10.lb299

13.30978

16.45362

19 .59569

1 .8397 9

5 .32858

8. 53400

tt .7060u

14.86358

18 . 015 53

3.05157

6.69953

9. e5954

13.r57 42

t6.33202

19.49570

4.1978U

8.U0755

11.3348U

14.57168

L7 .77zrt)

20.95432

5.313b2

9.2737 4

12 .66969

1 5 .94885

19.r7842

m

1 2 3 40

4.I87t7

7 .98386

I1.30u3u

14.5270'3

r7 .717 42

'20.88912

5.30u78

9.24b88

12.63113

I 5 . 90041

1 9. 11 979

3.81 67 9

6.99025

10.13e43

L3.?8264

16.42443

r.8'3422

5.31203

8.507 42

I I . 66958

14.82155

17 . 9ri996

'3.04327

6.67e?2

9.92888

13.11676

16 .28148

19.43535
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(c) nco for Mo = 0.I5

(d) ns. f or Ms = 0.2

5

5 .247 95

9.13706

12 .47 665

15.70269

i8.88U56

6 .37 tJ92

1U.43U05

1 3 .86286

L7 .t5612

20.38936

6 .33488

1U .35841

1 3.76373

17.U3204

20.23e89

5

n

0

1

2

3

4

5

6

nì

U 1 2 3 4

3.79634

6.9531 I

10.0858U

t3.21257

16.337e4

19.46382

L.82482

5 .2841 I

8.46256

11.60811

14 .74356

17.875s0

3.rJ292t)

6.64492

9.8712

13.04811

16.19616

19.33346

4.16907

7 .9437I

rr.2422L

14 .451 60

17 .62508

20.78064

5.218e6

9.2U145

l'¿ .567 54

15.81857

19.02076

0

I

2

3

4

5

6

fn

0 1 2 3 4

3.76744

6.gUU59

10 .00993

13 . 1134 3

16.21555

19.3i819

1.81158

5.2446't

8.3991 I

11 .52114

14 .63321

17 .74183

3.00930

6.59636

9.80387

1 2 .95096

16.07541

19.18925

4 .14339

7.887U3

11 .15987

14 .34485

17.49439

20.62625
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(e) Qco for M6 = 0.25

(f) Q.s for Me = 0.3

5
n

n

U

1

2

3

4

5

6

6.?87 95

IrJ,26529

1 3 .6349 5

16.870U8

20.0457I

6.22977

i0 . 1497 e

13.47541

16.66928

1 e.80499

5

0

1

2

3

4

5

6

nì

0 1 2 3 4

3.729e2

6.83236

9.91i35

1 2 . 98459

16 .05649

1 9 . 12891

I .7 9446

5.19330

8. 31 666

11.40812

14.48979

17.56809

2.98348

6.53327

9.7U868

L2.82469

15.91846

19.00179

4.11002

7 .8L325

11.05284

14 .20608

I 7 .32450

20.42554

5 .207 58

9.05333

I 2 .35847

1 5 . 55204

18 .69829

m

U I 2 3 4

3 .68348

6.7 4789

9.78924

12.824e7

15.8593e

18 .89434

I.77340

5.12978

8.21455

i1.26811

14.31209

17.35280

2.95164

6 .4551 3

9.59076

12.66826

15.72398

18. 76950

4.0687 9

7 .7 2186

Iù.92024

14.03412

17.11396

20.17680

5.15765

8.94958

L2.21203

15 .36535

18.47239
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(g) nco for Mo = 0.35

(h) nco for'Mo = 0.40

6.16Ui5

10.01127

13.2838i

16.4',¿82l

19.51622

6.U7Bt7

9.84885

13.u59i3

16.i454U

19 .r1720

5

0

1

'¿

3

4

5

6

m

0 1 '¿ 3 4

3.62784

6.64bb1

9.64281

12 .63350

15.62292

18.61288

I .78436

5.05364

8.U9211

11.1u017

14.U9891

17 .09447

2 .91 366

6.36146

9 .44934

12.48U5e

15.49064

18.49076

4 .01 e53

7.61228

1U .76i18

13.82783

16.86I34

19.87831

5.09796

8.iJ2biri

i2.u3636

15.I4I35

18 . 20i 33

m

0 1 2 3 4

3.96205

7 .48379

10 .57 456

1 3 .5857 2

16. b6481

L9.5279r

5.rJ282r

8.679'¿6

1 i .83u23

14 .87846

17.88314

3.56265

6.52786

9.47 101

12 .40880

15.34537

r8.28248

r.71926

4.96438

7.94850

10 .9031 i

13.8487i

'16.7eL25

2.86942

6.25L63

9.28343

L2.261¿37

15.2i67it

18 .16355
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(j ) fìse for Me = 0.45

(i ) nco for Me = 0.5

5

n

n

0

I

2

3

4

5

6

b. e8524

9.66I39

t2.7 9956

15.81856

18 . 7iJ530

5.8 /9 lU

9 .447 54

12 .5U3I6

15.44533

18.33766

5

0

t

2

3

4

5

6

m

r) 1 2 3 4

3 .487 45

6.39077

9.27258

12.14918

L5.02462

17 .90060

1.68601

4.86138

7 .7 8267

10 .67 548

13.55961

16.44081

2.8187 3

6.t2489

9.09183

12.00594

14 .90026

1 7 . 78537

3.8961U

7.3355U

10 .35902

I 3 . 30600

16.222L4

19.I229t)

4 .9481 i
8.51087

11.59215

14 .57 41t)

I1 .51542

m

1 2 3U 4

3.40r73

6.23433

9. U4600

11.852b3

14 .6581 3

17 .464.17

1 .64849

4.74390

7.59337

10.41551

13.22932

r 6 .04036

2 .7 6r',3e

5 .98U32

B. 87 308

11.71533

14 .53868

i7.35318

3 .821 39

7.16634

1U.11293

12.98647

15 .83059

1B .66004

4.85729

8.31878

11.32u31

14 .2271 r

17 .09524
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(k) CIss fon Ms = 0.55

(l) CI.o for Mo = 0.6

5
n

n

u

I

2

3

4

5

6

4.75525

f.iu156

i1.01254

I 3 .83464

16.619U9

5.i5978

9.2051I

12.16764

15.02241

17 .83tJ22

5.62651

8.934U4

I I .79U08

14 .54632

17 .'¿586e

5

0

1

2

3

4

5

6

m

U I 2 3 4

3.30485
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Val ues of A can read'iìy be obtaì ned f rorn the veìoci ty p¡of i les

by anaìytical ìntegnat'ion for Y+ > 33.2, together with nurner"'ical

ìntegraì (Sìmpson's Ruìe) for the range 0 < Y+ < 33.2. As an

exampìe, values of Mu and cut-off frequency for the (1'0) and

(2,3) rnodes obtainecl in tl¡iS way and the correspondìng cut-off

frequency obtaìned by the numerical procedure are given 1n

.in I'abìe 2.4. It can be seen that there is very cìose agree-

ment between the two values of cut-off frequency at all Mach

numbers. In generaì , the di f ference between therlt i rrcreases

with Mach nurnber and decreases with the mode onder.

Simi lar'ly, a good app,roxì mat j on to the va lue of K can be obtaì necl

by treating the shear flow as uniform flow with effective Mach

number M" = AMe, as shown in Table 2-L, for neal as welì as

comp'lex K. The error ì n the ìmag'inary part 'is ntuch I ower than

in the real part; for the (2,n) modes, the greatest ernor is

2.2% for the (2,0) mode. In the case of (0,0) mode the uniform

flow approximation gives a K value independent of frequency but

this is still a fairly good representation of the frequency-

dependent shear flow value provjded the frequency parameter n

is not too high.
Acoust'ic Pressure profi les

Muneur and Pl umbl ee (1969) , Prì clmore-[Jrown (1954) , ancl

Mikhail and Abdelharnid (1973a,b) have consìdered the effect of

shear flow on acoustìc pressune distribution, but the'ir Studies

are confined to two-dimensional or annular ducts.

The general effect of shear flow on sound waves is to refract

waves propagatìng downstneam towards the wa'ìl and waves pro-

pagating upStream towards the pipe centre-line. The extent of

the ¡efract'ion whìch occurs depends on both flow Mach nurnber

and frequency.
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Tabl e 2.4

Cut-off frequencies for (1,0) and (2,3) mode

Mode (2,3)
Mo

CIco flco
UFa

from % diff.
rox.

-0.0020

-0.0010

+0.0004

+0.0016

+0.0016

+0.0010

-0.0013

-0.0069

-0.0178

-0.0376

-0.0715

-0.1285

0.05

0.10

0.15

0.20

0.25

0.30

0 .35

0.40

0.45

0 .50

0.55

0.60

I
(tr
f\)

I

13.15716

1 3 .1 1662

13.04816

12.95rr7

12.82490

12.66838

12.48043

r?.25952

12.00380

11 "71092

11.37802

11.00139

13.t5142

13.11676

13 .0481 I

12.95096

12.82469

12.66826

12.48059

r?.26037

12.00594

11.71533

11.38616

11.01554

-0.0249

-0.0301

-0.0393

-0.0566

-0.0855

-0.1303

-0.1972

-0 .2940

-0.4297

-0.6158

-0.8666

-1.1991

1.83933

1.83366

L.82409

1.81054

1.79288

1.77100

r .7 4473

1.71385

1.67810

1.637i5

1.59061

1 .53796

Qqs from
UF approx.

Qco % diff.

Mode (1,0)

1.83979

r.83422

t.82482

1.81158

r.79446

r.77340

1.74836

L.71926

1.68601

1.64849

1.60657

i.56004

Me

0.04478

0.09025

0.13591

0 .18168

0.22754

0.27345

0.31942

0.36542

0 .41 147

0.45754

0.s0365

0.54977

A = Me/Mo

(Equ.2.53)

0.89566

0.90254

0.90608

0.90842

0.91015

0.911 51

0.91262

0.91356

0.91437

0.9i509

0.91572

0.9t629
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For the pìane wave mode, shêar flow changes the unjform or no-

flow pressure distributjon to the distrìbutions shown ìn Figures

2.g, 2.10 and 2.1I, with the pressure at the wal ì becomi ng

highen than at the centre fon downstream propagat'ion and lower

for upstream propagation. At a g'iven Mach numben, the depar-

ture f rom the un'if orm-f I orll or no-f I ow d'istri buti on 'increases

with sound frequency (Figures 2.9 and 2.10). Mode shapes for

upstream propagat'ion are more strongìy affected by increases

in n than those for downstream pnopagation. Figure 2.11, for

downstream propagation, shows that for a gìven frequency the

refraction effect becomes greater as Mach number is increased.

The 'inf I uence of Mach number on the extent of ref racti on, 'in

downstream propagation, for m = 0 modes with nodal c'ircles

is shown by Figures 2.I2 and 2.13 for the (0'1) and (0'3)

modes respecti ve'ly. The j ndi cat'ion i s that the gneater the

number of nodal c'ircles, the less the pnessure d'istribut'ion

changes f nom the no-f I ow di stri but'ion.

For asymmetric acoustìc modes (m > 1), the effect of shear

flow is strongly dependent on n. At or near the modal

cut-off frequency the mode shape 'is almost unaffected by the

shear flow, but the effect of the shear flow jncreases w'ith

e and the Mach number as shown j n F'igure 2.14(a) and

Fìgure 2.I4(b) for the (2,3) mode. (It appears that,'in

general, the effect increases with the difference between

o and the modal cut-off frequency, f¿co). At high Mach

numbers, the effect becomes Very large, and the acoustjc pressure

amplitude away from the wall becomes much highen than the value

at the wall (see Figures 2.14(a), (b)).
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As d'iscussed earlier, when n is Iower than the modal cut-off

frequency, K ìs compìex. In such a sjtuation the

acoustic pressure distnìbut'ion across the duct wìll have a

non-zero irnagìnary part. The pressure profi le for the (2'7)

mode (whìch has a cut-off frequency of CI.6 = 25.40), at

Mo = 0.2 and f¿ = 2U,'is shown in Fìgure 2.15. The total

pressure anìp lituoe at any poi nt 'in the duct w'i I I be gi ven by

the modulus of the resultant comp'lex quant'ity. lt'is ìnterestìng

to note that itttaginary pressure profi'le also satisties the

criterion that the nurnber of pressure sìgn changes equals the

nurnber of noda'l ci rcl es.

2.7 .4 Radi al Vel oc'itv Prof i l es

The relatìon between the acoustic pressure profi les and the

profiles of the rad'ial component of partìcle velocìty ìs

gi ven by equati on (2.21) . The rad'ial veìocìty di strì but'ion

will therefore be subject to refraction effects simi lar to

those affectìng the pressure.

For downstneam pìane wave propagation, the radial velocìty

increases slowìy front zero at the centre to a maxilnum vaìue at

about 80-857" of the pr'ipe radi us and then decreases to zeno at

the wal'l . The effect of shear flow ìs to dìsplace the maxjtttullt

value towards the wall and to increase'its magnìtudes to an

extent which increases wjth Mach nutnber (l-iyure 2.16). As in

the case of acoustic pressure, frequency has a strong effect on

the distribution (Figure 2.17), the d'isplacetnent of the max'imurn

towards the wall and'its magn'itude both increasing w'ith in-

creasing fr. Fon upstneatn propagatìon, sìrrri lar effects are

0bsenved but the radial veì0cìtjes are generaììy larger, aS carl

be seen in Fjgures 2.16 and 2.I7.
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The behav'ioun of the (U,1) synrnetrical tnode, with one nodal

circle (Figure 2.18), ìs similar to that of the plane wave;

but, as for the acoustic pressure dìstribution, the effect

of shear becornes much I ess marked for the sytnrnetri ca I rnodes

with more than one nodal circle, as il'lust¡'ated by Fì9une

2.19 for the (0,3) node.

The effect of Shear on asyfinletrjcal modes is again very s'ilni lar

to that on the acoustic pressune, and incneases with (n - nco).

For downstream propagation, the veìocìty d'istribution is dis-

pìaced towards the wa ll to an extent whì cn 'increases with botrl

Mach number and n (as shown in Figure 2.20). For upstream

propagatì on the ef f ect 'i s to di spr l ace the rad i al ve l ocì ty

towards the centre and the Mach number has a b'ig ìnfìuence on

the velocity ampìitudes as shown 'in Figunes '¿.'¿0(a) ano 2.2U(b).

2.7 .5 Axi a I Part,i cl e vel oc'it

In the wave described by equation (2.4) tlle relatìon between

acoustic pressure and axìal component u of the partìcìe

velocity ìs gìven by equation (2.14) as

a â au i+U-)u+v-=--
âX Ar ps

âp

ãX

âp

âr

(

I l¡ t r-MK)
âr

(2.54)

(z .55 )

and (2|^)

(2 .56 )

at

Frorn equatìon ('¿.4)

âp_ = .t Kxp ,

and substitut'ion of this and equations (2.'¿'J)

'in equatì on (2.54) I eads to

u=

For a hard-walled pipe, equation (2.56) reduces exactly'in

the case of unìfonm flow and approximately 'in the case of

shear flow (if the second terlt on the RHS ìs srnaìì ) to
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tlu = _ (2.b7)
po ( co-u )

(where cq'is the phase velclcity tr/k¡) irr which case the axial

partìcle velocìty ìs proportìonal to the acttust'ic pressure.

Hence the effect of shear flow on axial part'icle velocìty wììl

be sìuri lar to that on the acoust'ic pressure if the second ternt

i n equati on (2.56) i s sma'll .

2.1.6 Phase Veìocity

The phase velocity cO of an acoustic wave in the pìpe ìs

given by

u)
c+

M
0

X

(2.58)
k

and hence the phase Mach number Mt ìs g'iven by

c0r¿1
cKxK

(2 .5e )

The dispersìon relationship between K* and Ç¿ therefore also

determines the variation of c6 with frequency. At a g'iven

f requency, as carì be seen f rom F'igure 2.6, the ef f ect of

shear flow is to increase K* above its unjform-flow value,

thereby decreas'in9 the phase vel oci ty cotnpaned wi th the uni f orr¡t-

f'low phase velocìty for K* > U and increasing'it (ìn magnitude)

for K, < 0 (see Fìgure 2.2I). in a un'iform mean flow with

axial velocity U and Mach number M, the nrl-flow phase velocìty

and phase Mach number are augmented by U and Fl respect'iveìy;

in the case of shear fìow tlrey are augmented by some effective

axial velocity less than the maximum axial velocity Uo and sorne

ef f ect'i ve Mach number 'less than Mo.
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A measure to the exterrt to wh'ich the shear f ì ow auglnents

the no-flow phase velocjty ìs given by the panameter 
^Mô/l4o'

where AMO = (t'lO - M4o) and M4 and M6s are

respectively the phase Mach numbers for the shear-flow and

no-flow cases, at the same axial wave number. For the (m,n)tfr

rnode, it ìs gìven bY

^Mö/ 
Mo L(n/rr) + /T + (Çn aft<Jz.l/Mo, (2.6u)

where - önd + refer to downStrearn and upstream propagatlon.

For un'i f orm f I ow 'it has the val ue uni ty. For the shean f I ow

'its value is roughìy the rat'io of average flow Mach nurnber

to Mo i.e. A as given by equation (2.53)' but its cletailed

variatiorr with 0 depends on mode ordel, Mo and the d'inection of

wave propagation - as'illustrated'in Figures 2.22-2.25 for pìane

wave, (0,n), (m,U) and (rn,n) modes res¡-recti veìy. The effect of

Mach number Me on aM6/Ms is greater for upstream than for

downstream pro¡.ragation, as shown by F'igures 2.26-2.28 for the

(0,1), (1,0) and (2,I) rnodes respectively'8

As ç¿ + oso, ÀM6/Mo for the hi gher onden acoustì c nlc¡des appears

to approach the same value for ctownstneam and upstneam pnoPa-

gati on; but f or the pì ane wave rnode 
^M0/l4o 

has di f f erent I'inti t-

i rrg vaì ues f or downstream ancl upstreattt propagatì on aS f¿ + U.

This difference in the lirniting 
^MO/tqo 

values ìs further

i'lì ustrated i n Fi gure 2.29, whene ÂQ, the di f ference 'in

f¿ for sftear flow and no flow for the sarne value of K*' ìs

pìotted against K¡, for the (0,0), (1,0) and (2,3) modes.

it is evident from the figure that the Àur VS. K¡ lìnes fon

the (1,0) and (0,0) modes, are discontinuous at K* = 0:

@

(For
of
as

each case i.e. (0,n), (m,o) and (m,n) moo:t'effect
Mach number j s shown only for one hì gher order mode '
other modes s how the s i mj I ar trend. )
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the I i nes correspond'i ng to upstream and downst ream propagat'ion

have dìfferent sìopes. The effect is larger for the (0,0)

than the (1,U) mode, and if the (2,3) mode has a dìscontin-

uìty it is almost 'impossible to detect. Thìs seems to suggest

that the magn'itucle of the discontìnuity in augrnentation of the

phase velocity between upstream and downstream waves at the

cut-off frequency decreases very rapidìy with increasìng motle

order.

A s'irnilar discorrtinuìty at o = U follows front the approxirnate

anaìytìcal result obtained by Hersh and Catton (1971) for plane

wave propagation ìn a two-djmens'ional duct with shean flow.
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2.8 Summary and Conclus'ions

The main aim of the work presented in th'is chapter js the numenical

sol uti on of the convected-wave equat'ion i n cyl i ndri cal po'lan coordi nates,

for acoust'ic wave pro¡-ragation in a cì rcular pìpe, ìn the presence of

fuììy-developed turbulen! flow. A mean-ve'locity profiìe rnodel, con-

si st'ing of wa'l 
'l , ì ogarì thm'ic and core regì ons, t ruìy representat j ve of

such flows has been used. The fourth onder Runge-Kutta method of

sol uti <¡n to obta'i n the rad'ial di stri butì on of acoust'ic pressure and

partìcle velocity, the rnodal phase speed and cut-off frequency for any

g'iven mode and f 'low 
fvlaclr number has been descri l¡ed. Un the basi s of

the numerical results obtained, the effect of shear flow can be suÍìmar-

'ized as f ol ìows .

(1) The pìane wave (0,0) modes becontes disprersive.

(2) Compared with uniform flow with M = Me, the modal cut-off

f requenc'ies are i ncreased and the ax'ial wave nurnber at cut-of f

a'lthough still negative is reduced in magnitude.

(3) The frequency for Kx = 0 'is the same as that for" the uniform-

flow and no-fìow cases, and is ìndependent of the fìow Mach

number and its radial distrìbution.

(4) The cut-of f f requency can be cl osely ap¡.rnoxi tnatecl by that of

a uniform flow with a profile averaged Mach nurnber AMo.

(5) Sound waves are refnacted towards the walì for downstream

propagat'ion and away f rom the wa.l I f or upstreanr pro¡,ragati on.

Thi s resul ts i n di spl acement of the radi al d'i stri buti ons of

acoustic pressure and ¡.rarticle velocìty towards or away from

the wall. The effect is small at or nean the cut-off frequency

and i ncreases wi th the (n - f¿co ) and 'i ncreasi ng f ì ow Mach

number.
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(6) ÀM6, which gives a measure of thê extent to which the shear

fìow augments the phase velocity from the no-fìow case at

the same K¡, depends very much on mode ordet, Mo and the

dì rect'i on of the propagati on. Extensi ve cal cul ated resul ts

for varìous modes have been presented.

(7) Varìation of acoustic particle veìocity u with radìal position

may in some c'ircumstances be simiìar to that of acoustìc pressure.
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CHAPTER 3

EXPERIMENTAL FACILITY, INSTRUMENTATiON AND CALIBRATION

3.1 I ntroducti on

As indicated ear.lier the flow system chosen for the investìgation of

the relationsh'ip between the characteristics of a disturbed intennal

flow and the resulting sound field in the flow'is that of fu1ìy-

developed turbulent flow in a pipe of circular cross-section, dìsturbed

b,v an ori f ì ce pì ate. The study nequì nes

(i ) the overall defin'ition of the flow'in terns of the stneam^rise

and rad'ial variation of mean flow parameters (total pressure,

static pressure, fìow speed, flow Mach nunlber, wall shear

stress, etc.) over a reg'ion extending from the undisturbed

approach flow far upstream of the disturbance, through the

dìsturbed reg'ion, to the re-established flow downstream of

the d'i sturbance;

(i 'i) i dent j f i cat'ion of poi nts of fl ow separati on and re-attachment;

(i ì i ) a knowledge of the variatìon throughout the flow of fluc-

tuations in the flow parameters (pressure, veìoc'ity, and waì1

shean stress fluctuations, and fluctuat'ions in the pos'it'ion of

re-attachment of the fl ow to the p'ipe waì I after the separat'ion

caused by the ori fi ce pl ate) ; and

(iv) detajled knowledge of the acoustic field (both plane waves and

hì gher order modes ) ì n the f luì d 'inside the p'ipe.

In this chapter, the experimental p'ipe fìow faciìity and various speciaì

p'ipe sections used in it, the orifìce p'late sizes and geometry, instru-

mentat'iOn and'instrument cal'ibnat'ion are described and discussed.
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3.2 Ex n'iment al Fac'ility

The pipe flow faciìity, shown in Figures 3.1(a) and 3.1(b)' is,

with minor modificat'ions, that usecl prev'ious'ly by Rennison (i976)

and Norton (1979). The pìpe itseìf, is made up from srnooth cold-

drawn i nterchangeabl e secti ons of steel tubi ng wì th 'i nternal d'i ameter

72.54mm and wall thickness 6.35mm, with an overalì ìength of 12m.

The bores of the va¡ious p'ipe sectjons are accurately matched, and

rnat.ing p.ipe secti ons are jojned by f ì anges I ocated by a systetn of

spigots. There'is an'0'ring seaì between flanges to pnevent ìeakage'

The orìfìce pìate under test is mounted about 4m (- b5 pìpe diameters)

downstream of the p'ipe entrance, leaving a 'length of about 110 pìpe

dìametens downstream of the orjfice plate. Air entens the pipe from

atmosphere through a bell mouth extending over 10 pipe diameters'

The pipe rig is suspended over jts entire length by a series of soft

elastic supports, and the downstream end of the pìpe ìs connected

through a vì brati on ì sol ator, a son'ic choke, and a remoteìy contr^ol I ed

qu.ick actìng valve to two large (17m3) vacum tanks. This arrangement

effectiveìy isolates the pipe from extennal vibration and from both

v'ibrat'ional and acoust'ic dìsturbances occurrìng downstream of it

when the flow 'is on.

The v'ibration isolator is a low pass mechanical filter to prevent

v'ibrat'ion generated near the son j c choke f rom bei ng transmi tted to

the test section. It cons'ists of four steeì pìates (0.Smm thick and

250mm square) separated f norn each other and the encl os'ing f I anges by

soft rubber ¡ings 6mm th'ick, mouìded from siIastic' The internal

di ameter of rubber ri ngs and encl os'ing f I anges 'is the same as the

p.i pe dì ameter. The pi pe f1 ow faci I ìty i s shown schematì cal ly i n

Fì gure 3.2.
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l,Jhen the remote'ly controlled valve ìs opened, a'ir flows frorn the

atmosphere through the piping system to the vacuum tanks. Mass

f I ow rate and the fl ow ve.locity i n the pì pe system are deterrni ned

by the comb'ination of the throat area of the sonjc choke and the

s'ize of the installecl orifice plate. Each choke nozzf e is character-

ised by jts throat diameter ds, non-dimensional'ised by pipe d'iameter d,

i.e. by D. = ds/d. Similarìy each orifice pìate is characterised by

'its hole diameter, d0 non-dimens'ionalised by pìpe dìameten, 'i .e. by

Do = do/d.

Ten i nterchangeabl e soni c choke 'inserts wì th Dç val ues .in the

range 0.39 to 0.86 and four orifìce pìates with D0 values'in the nange

0.62 Io 0.83, djmensional details of which are given 'in Tables 3.L and

3.2, are avai I abl e. The va rì ou s D O and Dg combì nat i ons al I ow fl ow

vel oci t'ies 'in the range of 30 to 155 m/sec and conrespondi ng tìmes of

steady running from 40 to 6 seconds to be obtained.

Because of the short running times, the operat'ion of the rig and

data acqu'isition (the procedures and equ'ipment for which are des-

cribed ìn Chapter 4) are computen controlled.

The four orifice p'lates conform to B¡itish Standard 1042, Part I

(1964). Their geometries are shown in Figure 3.3. Each can be

mounted between pi pe f 'langeS, but, ì n order to al I ow the strearn¡vi se

pos'itìon of instrumentatìon ìn the flow to be varied continuous'ly

in relation to the orifìce plate, a second set is available which can

be mounted on a movabl e i nternal cyì 'i ndrical bnass sl eeve of 1 .0nlm

wall th'ickness. The sleeve and orifice plate can be moved axìally

by an external screw mechanism (see F'igune 3.4-3.5). It ìs possible

to reverse the sleeve so that the orifice pìate can be mounted at

either ìts upstream or downstneam end. In this way measllrements

cl ose to the on'if ice pl ate can a'lways be made i n a f .l 
ow occupyì ng

the ful 'l pì pe di ameter.



-85-

Tabl e 3.1

Choke Throat Si zes

Tabl e 3.2

0r'i f i ce s'i zes

1

2

3

4

5

6

7

B

9

1t)

0rifice
nunber

1

2

3

4

Th roat di ameter
dc (mm)

Dc

28.0

35.5

38.0

4,2.0

45.5

49.0

52.0

5 5.0

58.0

62.5

0.39

0.4 9

0.5 2

0.58

0.63

0.68

0.7?

0.7 6

0.80

0.86

Hol e dì am.
do (mm)

D
0

rJ.62

0.6 9

0.7 6

u.83

45

50

55

60
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Sevenal i nstrunentat'ion pi pe sectì ons, of the type shown 'in Figures

3.4 and 3.6, all of length 295mm, wh'ich can be inserted anywhere in

the rig ìn reìation to the orifice, are used for mountìng the varìous

pieces of instrumentation. They are fitted wìth removable 10 mm

dì ameter brass p'lugs , whi ch are i nterchangeabl e w'ith sim'i I ar pl ugs

having a central hole of dìameter 4.7Smm. The'latter can accorlìmodate

fence gauges, hot film probes, pìtot tubes or pìezoelectric pressure

transducers (all of which have bodies 4.75mm in d'iameter). A set

screw in the bnass pìug keeps the instrument body in place. The

'instrumentati on secti ons are aì so provj ded wi th stat'ic pressure

tappìngs, the stat'ic pressures beìng measured by 0.33 mm diameter

hoìes ìn the wall. Construction detaìls ane shown in Figure 3.4.

The 'instnwnentatì on secti ons have been careful'ly honed i nternal ìy wì th

the various instrumentat'ion bnass pìugs in pìace.

3.3 Mean Velocìty and Mach Number Measurement

Mean velocjties and Mach numbers are obtained from total pnessure

measuned by a pitot tube of 1.25mm 0D and 0.Bmm ID and the wall

static pr"essure measured at the same axial location aS the pitot

tube entny. Total and statjc pressures relatjve to atmosphere are

each measured by Datametrics Barocel manometers of ltl0U/100 Torr

range. According to the manufacturer's specificatìon, the Barocel

has a time response of about a mill'isecond; this has been confirmed by

measunjng the pressure in an ajn iet interrupted by a dìsk segment

rotati ng at known s¡reed.

Statìc pressure measurements are a lways made wi th the p'itot tube

removed fnom the pjpe. Standard compressible flow relatìons, ìn

conjunction with the assumption that the total temperature in the

flow at any point'is equaì to the reservoir (atmospherìc) temper-

ature, ate used to evaluate the Mach nunber and other pararneters frotn
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the total and static pressure measunements.

Although the pìtot tube can be mountecl in an 'instnumentation pìug

for measurements at a fixed radial location, radial profìles of Mach

number and stat'ic pressure can be obta'ined by mounti ng ì t on a

traverse drive attached to a spec'ial instrumentation section, which

i s shown 'i n F'i gu re 3.7 . The t raverse drì ve can be mounted on any

of the three holes in the section (Figure 3.6); and at each pos'ition

one stat'ic pressure hole is located at the same streantw'i se posìtìon

as the p'itot tube entry. l,J'ith this arrangement the pìtot tube

support runs completely across the p'ipe d'iameter to avo'id asytrmetric

blockage effects. A resistance potent'iometer ìn the tnaverse rìg

produces a vo'ltage, proportional to the probe pos'itìon, wh'ich is

fed to an analogue-to-dìgital converter.

3.4 Instrumentati on and Cal i brati on

The various instruments used - surface fence gauge, hot film shean

gauge, hot wi re anemometer and wal I pressure transducers (¡.r'iezoel ectri c

and condenser microphone) - and the'ir cal'ibration wilì now be describecl.

3.4.1 Surface fence qauqe

Mean positìons of sepanatìon and reattachment poìnts, where

the wall shear stress ts is zero, have been deterlnined by

means of a surface fence gauge (Figure 3.8) of the type des-

cribed first by Konstant'inov and Dragnysh (1955) and Iater

by Vagt and Fernholz (1973). Bas'ically, the "fence" consists

of a rectanguìar project'ion of very smaìl height posìtioned

normal to the wall and to the f.low direction. The difference

AP in the pressure on the pìpe wall between the front and rean

of the projection 'is related to the wal.l shear stress r¡¡ and

changes sìgn when the direction of the stress 'is neversed.
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The gauge i s therefore suitable for measurernent 'in reg'ions of

f'low separat'ion and reattachment, where both forward ancl

reverse fl ows are encountened.

of Konstant'inov and Dragnysh indicate that for

proiection heights (h+ = hllr/u:3) np and rw are

ìinearly related for a fixed value of h, i.e

Âp = Kt¡1 (3.1)

but with K dependent on and 'increasìng wìth form heìght-

Later work (see Winter, I917) suggests that more generaììy

Ap

= f (h+)
T

W

The construct'ion of the gauge used jn the present investìgation

is shown in F'igure 3.9. A 3mm wide and 0.lmnr thjck sect'ion of

razor blade is used as the fence. The pressure-measuring slots

on either s'ide of it are connected to'L'shaped holes of about

1mm diameter which lead to the base of the instrunlent. lnter-

ference-fìt steel extension tubes are used to make connect'ions,

by flexible tub'ing, to an electronic manometer. The gauge is

made from brass in two halves which are clanped together by the

threaded base cap; s'il'icone grease is appìied to the two

halves befone assembly to ensure perfect sealing without

'leakage between the slots on e'ither side of the fence. A screw

mechanism allows adjustment of the fence heìght. Ïhe top

surface of the gauge body wh'ich is exposed to the flow and

the fence are carefully machined to match the pipe profile.

The body of the gauge fits 'in the 4.75mm diameten hole in the

.instrumentation pìug and a gnub screw ìn the p'lug keeps the

gauge in place.

(3.2)
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The gauge has been found to be quite sensitive to snall

ìrregula¡ities 'in match'ing the profile of its exposed surface

with the profìle of the instrumentatìon plug (the instrurn-

entation pìug itself being accurate'ly matched with the pipe

profìle as a consequence of hon'ing the instrumentation

secti on wj th the pì ug ì n posi tì on) . Therefore, wì th the

fence netracted below the gauge surface, the gauge and the

p'lu9 profiles were po'l'ished w'ith a very fine emery paper to

nemove the surf ace ì r'regul ari t'ies at the hol e i n the pl ug ;

then the height of the blade was adjusted and measured

under a mi croscope. 0nce mounted the surface fence gauge

was not removed from the instrumentation plug.

In the present work a series of tests with different fence

heìghts in the range 0.05 < h < 0.5 showed that the location of

the poì nt at wh'ich rw = 0, as i ndi cated by the gauge, 'is

jnsensitive to the fence heìght. A value of 0.1mm, corres-

pondìng to 10 < h+ < 30 over the range of the expenimental

f 'l ow speeds, nather ì argen than normaì ]y used f or wal I shear

stress measurements, has therefore, for convenience'

been used throughout the investigat'ion. The value of K for

the present experìmental cond'itions 'is about 70.

The pnessure differential ìs measured with a l)atametric Barocel

electronìc manometer of 1U0 Torr range. To obtain a stable

value of AP in the separated and re-attaching flow region

downstream of the orif ice pìate, a ìong averaging t'irne ìs

necessary. For each streanw'ise locat'ion 1000 sampìeS were

taken oven a total runnìng t'ime of 30 seconds, Geometrical

symmetry of the gauge was checked by nepeatìng measurements

with the gauge rotated through 180"; the averaged values of

ÀP f or 30 seconds run time were found to be with'in 0.57" (see

Figure 3.10) of each other.
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3.4 .2 Mean and Fluctuating Vel oc'ity and Shean Stress Sensors

Hot wi re anemometer

A sìng'le-wi re constant-ternperature anemometer has been used to

measure the velocity profile across the pipe and the stnearnvise

component of velocity fluctuations. The probe used for thjs

work is shown 'in Figure 3.11.

The hot wìres are formed by copper pìatìng 5 um diameter tungsten

wire leavìng an unp'lated central active portion 1.2-1.3mm long

(Siving a ìength to diameten ratio tld of 24Ù-260). The

copper pl ated ends of the w'i re are sof t sol dered to sta'i nl ess

steel needles, allowing a smaìl amount of slack in the w'ire

to avoi d strai n gaugi ng. A typì cal wi re res j stance 'is 6 .5

ohms.

It has been found advantageous to make the portion of the

probe carnyì ng the wi re as a removab'le pl ug-'i n ti p. several

ìntenchangeable tips wìth different needle configuratìons

(e.g. bent for measurements closen to the p'ipe wa'll) were

used. This arrangement also facilitates qu'ick wi re replace-

ment .in the case of breakage. The hot-wire probe can be

mounted in the same traverse gear as the the pìtot tube.

As one use of the resul ts obta'i ned f rom hot -w'i ne lneasu nement s

.i s the deterrnj nat j on of shar"p spectral peaks 'i n vel oci ty

fluctuat'ions associated w'ith acoustic modes jn the flow,

the unsupported 
'length of the needl es was caref ul ]y seì ected

so that the needles have a ve¡y high natural bending frequency

(> 25 kHz). During use, frequent checks were rnade on the

velocity spectrum jn und'isturbed flow (without orifice

p'late) to ue sure that no such natural f requenc'ies i n the

range of ìnterest developed due to probe deterioration.
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A telescope ìn the rì9, shown in Figure 3.7, is used to

al ì gn the wj re correctly ì n the p'ipe secti on, and to

measure the distance of the wire fnom the pipe waìì at the

traverse extremities. The telescope is carried by a mìcro-

manipuìator (capable of motion jn three perpendìcular

djrect'ions), mounted on a stainless steel plate which can

be bolted to the pipe section. The plate is located relative

to the pi pe bore by a sp'i got s i mi I ar to the one used on the

pì pe secti ons.

Th e hot wi ne 'i s operated at an overheat rat'i o of 1 .5 i n the

constant temperature anemometer brìdge, shown ìn F'i9ure

3.I2. Prior to measunement, the t'ime response of the wi re

and associated feedback 'ìoop ìs adjusted by changing the

offset to give a square-wave-test frequency response of

the system of at least 40 kHz.

The hot wire was calibrated over the ful'l range of pipe fìow-

speeds i n the pì pe rì g, 'in si tu, by I ocatì ng ì t on the pi pe

centre-line and altering the fìow speed by changìng the

soni c chokes . Vel oc'i tj es at the posi ti on of the wj re i n

the flow were already known from previous pitot tube

measurements. Cal i bratì on i n the I ow vel oci ty regì on was

also checked by calibrating the wire in the core reg'ion of

a ci rcul ar jet.

The di f f j cul ti es of rnaki ng accurate hot wì re rneasurements in

compressible flows are well known. Therefore, in the present

work, quantìtative veloc'ity and turbulence measurements

have been confì ned to cases where the Mach nutnber does nOt

exceed - 0.25.
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tJhere powen spectral dens'ity measurements of velocìty

fluctuation are required onìy for identifìcat'ion of the

frequenc'ies of spectraì peaks, measunements with the

uncal i brated wi re are adequate.

Hot Fi 
.ìm 

Shear Gauge

Mean and fluctuating wall shear stresses have been measured

by means of a hot f ilm gauge of the type descni becl ì n deta'il

by Thomas (1977). Nickel was chosen for the film material

because of .its r"elatjvely h'igh temperature coeffic'ient of

resist'ivity (6.7 x 10-3/'C) and also because of its h'igh

adhes.ion on gìass wh'ich 'is used as a substrate. The dimen-

sìons of the rectangular film parallel to and at n'ight

angìes to the flow dinectìon ane 0.25nm and 0.5rnm respectively.

The gauge, shown in Figure 3.ì3, has a 4.7Smnl diameter

steel body, and can be flush mounted w'ith the pìpe walì

usìng the same brass instrumentation plugs as for p'itot

tube and fence gauges.

Bel I house and Schul tz ( 1966) u sed heated pl ati num fi I ms

f or mean and clynamì c f ri cti on measurements 'in both I ami nar

and turbul ent fl ows and veri fi ed the appl i cabj I ì ty of the

one thìrd power calibrat'ion law (heat transfer rate propor-

tional to t¡¡r/3). Brown (1967) again verified the one third

power cal'ibrati on I aw and obtaì ned i denti cal mean cal i brat'ions

f rom h.is experiments 'in I ami nar and turbul ent f I ows. Th'is

has been further confirmed by Iater work of Owen and BelIhouse

(197U) , Rebes'in, 0kuno, filateer and Brosh (1975) and Murthy

and Rose (1978).

In earìy work, the hot fiìm gauges were calibrated in the

lamìnar boundary 'layer in a wjnd tunneì, theìr output be'in9
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corlpared wi th that of a P reston tube. An al ternative

method of cal'ibr"ation, utììising the flow between a flat
plate and a dìsk rotating in a p'lane paraìle'l to it and

calculated values of rpr wôs 'introduced by Brown and Davey

(1971). In the present vtork, a si¡nilar calibration rig was

used (F'igune 3.14). In this ri g, the hot fìlm is flush

mounted in a 15ûnm x 80nm x 3Ûnm steel lrlock, the top

surface of wh'ich has been carefulìy ground flat. The

spacing between the block and rotating disk (aìso accurately

ground fl at) mounted above and paral lel to 'it can be variecl.

The block can be traversed radially beneath the disk to

vary the shear stress at the f ilm. A spac'ing of 0.25mm and

speed 'in the range of 8500 to 10500 rpm 'is norma'l ìy used

for cal i brati on.

The basis for the ca'ìibration ìs the theoretical solut'ion

for the shear stress jn the flow between the pìate and the

steel block. For an angular velocity, o ônc1 gap, d and

smal I Reynol ds nmber (= t¡d2 /v ), the magni tucte of shear

stress at the film is given by (Brown and Davey,1971),

rw = u(urrld) (1+Re2/1050+. .. ¡ (3.3)

For Re less than 5, the first term gìves rw within 3%.

Typìca'lìy a hot film has a resistance of about 5 ohms, and

ìs operatecl in a constant temperature brìdge at an overheat

rat'io of I.2. A typ'ica'ì calibrat'ion curve of such a gauge

i s shown i n Fi gu re 3.1 5.

3.4.3 l¡lal I Pressure Transclucers

Pi ezoel ectri c transducers anci Bruel and Kj aer ( 1/4"

condensen microphones were used to measune the wall

fl uctuati ons.

- 6.35nm)

pnessure
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Pi ezoel ectri c Pressure Transducens

Init'ia1'ly pi ezoelectric transducers wene used i n pref erence

to the condenser micnophones because of their sirrpì icìty,

h'igher attainable frequency response characterjstjcs and

smallen sensing area. The transducers used in the present

wonk are of the type described by Bull and Thomas (1976)

and can be mounted ì n the brass i nstrumentat'ion plugs.

However, piezoeìectric transducers are sens'itive to v'ibration,

and thjs coupled with electron'ic noìse can contamìnate the

true wal ì pnessu re fl uctuati on s'i gna I . Therefore, the

pressure transducer i s alvlays dampened w'ith pì astì ci nf

Its response to vibrational effects of the rig was investìgated

by comparative measurements with the transducen exposed to

the flow and w'ith'it puìled back in the ìnstrumentat'ion

plug by 2-3mm and blanked off from the flow wjth a steel

plug. The spectral density of the sìgna'l obta'ined from

the latter configuration is always less than 1% of that

obtai ned f rom the f orrner. The spectraì dens'ity of the

electron'ic noise 'is generaìly 40-80 dB less than that with

flow, dependìng on the flow djsturbance. Details of the

pi ezoel ectri c transducer used (f rom Bu'l 
'l and Thomas (1976) )

are shown in F'igure 3.16.

Two methods ane used to calibrate the transducers:

(i) measurement of its response to the passage of a

shock wave of known strength over its face, and

(ii) comparison of the response of the tnansducen with

that of a cal'ibrated m'icr"ophone when both are

mounted in an acoustjc couPler.

In the f i rst rnethod, the transduce¡is mountecl flush with

the wal I of a 40mm x 65mm rectangul ar shock tube and shocks

e
pl aced around the transducer stem.
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of various known strengths are passed over the face of the

transducer, to determ'i ne its sensìtì vity, I ì nearity and

frequency response. The voltage rise at the transducer

output is determined from oscil loscope traces.

The magnìtude of the pnessure rise across the shock may be

cálculated fnom the initial conditions in the shock tube

by usìng the approxìmate shock tube relation (tìannister

and Mucklow, 1948)

2
p4 (3.4)

whe re

pI = stati c pressure ahead of shock,

pZ = stat'ic pressure beh'ind the shock,

p4 = initial pressure in the high pressure chamber of

the shock tube, and

ÂP = (pZ-pt) = pressure drop across the shock fnont.

(tttote that 
^P 

can also be evaluated by comput'ing the speed

of the shock from the time it takes to pass between two

timing transducers in the wall of the shock tube. Checks

were made with this method to show that both yielded similar

nesults, tim'ing beìng measured by a Systron Donner Counter

Timer Model 6150. A typ'icaì oscilìoscope trace and cal jbration

curve are shown j n Fi gunes 3.17 and 3.18 respect'ively. The

progressive fall of the output voltage, after the initial

rise due to the shock'is attributable to the lack of low

frequency nespone of the transducer-amp1 i fi en combi nati on.

In the second calibration procedure the pressure transducer

and a 1/8" Bnuel and Kiaer microphone are both subjected to

acoustic pressures, generated by an electromagnet'ic acoustic

p2 L/7

t -:lp1
+ p
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pressune generator drìven hry an osci llaton at discrete

frequencies,'in a cav'ity 3.Smm jn diameterancl 1.bmm in

ì ength. A d'i agram of the arrangement .i s shown i n Fì gu re

3 .19.

silicone grease is used to seal the joints to make sune

that no a'i r" I eaks are present. cal 'i br"ati on measu rements

are made at one-third octave intervals, ancl the cavity ìs

suf f j ci ent'ly smal l to al I ow cal i brati on to be made at

frequencies in the range 20 < f ( 10,000 Hz. This caljbration
procedu re i s simi I ar to that used ì n previ ous j nvest.i gatì ons

by Buìl and Thomas (1976) ancl Buìl and Langehe'ineken (1981).

It can be seen from Figure 3.20 that a flat response is

obtained for frequencies from about 80 Hz to l0 kHz with small

deviations occuring at higher frequencies owing to wave effects in
the cavity. Figure 3.21 shows the l'inearity of the pressure

transducer with pressure amp'litude at frequencies 1,2 and

3 kHz. The transducer sensitjvity obtaìned in this way is

genenaìly within 2% of that obtained wìth the shock tube.

The piezoelectric transducer is mounted in a brass instrumen-

tation plug, so that on its centreline paraììel to the

flow direction it is accurately fìush w'ith the pìpe surface.

There is then a discont'inuity between the flat face of the

tnansducer and the cyìindrical surface of the pipe, varying

around the c'ircumference of the transducer face from zero

at upstream and downstream extremitìes to a maxjmum of

0.07mm on the centreline of the face transvense to the flow

d'i recti on. Bul I and Langeheì neken i nvestÍ gated the effect

of this cavity (which was 0.13mm jn their case) and founcl

that results were not altered by its presence. Measurements

were therefore made with the transducen mounted in the pìug

as shown i n Fi gure 3.22.
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Mì crophone transducers

Condensen mìcrophones offer a higher sensitivìty than piezo-

electric transducers and are less sensitive to structural

vj bration. In the jnitial stages of the ìnvestjgation, they

were used as a check on the results obtained with pìezoelectric

transducers, but later they were used 'in the separatìon of

higher order acoustic modes jn the pipe. For the latten

purpose, Bruel and Kjaer 6.35mm, (I/4" ) conclenser microphones

can be mounted ìn brass instrumentation pìugs, fìtted to a

special instrumentation pipe section, shown ìn Figure 3.23.

The p'ipe secti on has three sets of e'ight ci rcurnf erenti al 1y

equì spaced j nstrumentati on pl ugs.

The condenser mi crophone ì s used w'ith i ts di aphr.agm (sensi tì ve

area di ameter 4.2mm) dì r"ectìy exposed to the f I ow and ì s

mounted in the plug w'ith the face of the djaphragm flush

with the pipe surface on the centreline in the djrection of

flow; this nesults in a d'iscontinuìty varyìng from 0 to

0.14mm around its cincumference. However, the flat face of

the dìaphragm does not extend right to the edge of the micro-

phone body (Figure 3.22), and as a result there is also a

double discontìnuity on the'longitudinal centre'ìine, up to

0.1mm deep. Tests by Langeheineken (I977 ) established that

these ìrregularit'ies have neg'ligibìe effect on the measuned

powen spectraì dens'ity of the wal'l pressune.

Because the rnjcrophones are nequired to operate in a regìon

of mean static pressure below atmospheric it is necessany

to make provìsion for equaìisation of the mean statìc

pressure across the microphone diaphragm. For this purpose
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a 0.77mm hoìe was drilled on either side in the instrumen-

tati on pì ug ì ead'ing to the pressure equ'i1ì zatì on hol es i n

the microphone (refer Fìgure 3.22). The frequency response of

the condensen miciophones is assumed to be in accordance

wìth the manufacturer's open circuìt pressure nesponse

calibration, which shows it to be constant over the range

20 < f < 25,000 Hz. Microphones are used 'in conjunctìon

with the Bruel & Kiaer pre-amp'lifjer (type 2619) and

spectrometen (type 2II2), on ìinear frequency r"ange (2OHz to

200,000 Hz). The calibration of the mìcrophone - pre-amPl'ifier

- spectrometer combination was aìways checked with a piston-

phone (Bruel and Kjaer, tYPe 4230).
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CHAPTER 4

DATA ISITION AND ANALYSIS

4.1 I nt roductì on

In this chapter techniques used fon the data acquisìtion and analys'is

are di scussed.

All data (except those relating to modal separat'ion, where the analogue

s'ignals were reconded on a F.M. Tape recorder), were obtained by

direct dìgìtìzation and stored for funther processing. Since the

time for which the flow in the pipe remaìns choked is smal.l (e.g.6

seconds with choke Dc = 0.t16), it is necessary to acquire the data

as soon as the flow has stabilized after the quick-act'ing soìeno'id

valve is opened. It ìs also required to start various instruments

at the same tjme as the data acquìs'it'ion starts, and to tunn thenl

off at the end of the data acquisition. Therefore'it is convenient

to control the data acqu'isition by means of a mini-computer;

parameters such as samp'li ng f requency, number of samp'les, i nterval

between sets of samples, traverse dnive tjme and time delay between

successive trìggerings of the Hewlett-Packard spectrum analyser are

control led through software.

Most of the mean flow data have been acquìred using a 1O-bit analogue-

to-digita'ì (A/D) converten ìn conjunctìon with a PDP 11/34 computer.

A 12 bit n/n converter and an LSI 11 computer have been used for

wall pressure fluctuation and velocìty f'luctuation measurements.

Mean flow data were analysed on the PDP Il/34 computer operating on

the Unix-system, and the fast Fourien transforrm and cross-correlat'ion

calculations were performed on 64 bìt Control Data Corporation Cyber

173 conputer.
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4.2 PDP 11/34 and 10 B'it Converter

The DEC PDP 11/34 system of the Department of Mechanical Engineerìng

at the University of Adelaide is a 16 bjt mach'ine with two RK05

hard d'iscs, and i s i nterfaced with a 10 b'it anal ogue-to-di gi taì

(A/D) converter. The A/D converter is connected through a mult'i-

pìexor to 16 data channeìs, and is capab'le of making measunements

at up to 30,000 samples per second [Fìg.4.1:1. A maximum of 3

channels were used for the present work (e.S. for measurernents of

velocìty profile across the pipe: Ch.1, static pressure; Ch.2,

total pressure; Ch.3, posit'ion monitor). TTL sìgnaìs fnom the PDP

ll/34 are used for operating the solenoid vaìve, probe travense

(eithelin conti nuous mode with the traverse movi ng conti nuous'ly

and sìgna'ì samp'les bejng taken at set time 'interval s, or in the

stop/start mode in which the traverse moves for a spec'ifìed djstance

and then stops for a specified time to acquire a specjfied number

of samp'les) and the H.P. spectrum analyser. The tìme requìred for

the HP analyser to acquire and process one set of sampìes depends

on the frequency span setting; it varies from about 0.5 seconds

for a 25 kïz span to about 10 seconds for a 25 Hz span. It was

used in its external triggering mode for the spectraì measUrenents,

using a TTL pulse to'initiate collection of each new set of

samp'les, within the duration of choked flow. A typìcal data

acqu'isit'ion procedure used is shown jn Figrrre 4.2. Data were

stored on an RK05 di sk, and I ater copì ecl on to magnet'ic tape f on

further processìng on the Cyber.

4.3 12 B'it A/D Converter and LSI-11 System

hlh'il e the 10 bi t A/D converter i s adequate for mean f l ow

measurements, a faster converter with bebter nesolution is

required for measurements of fluctuating quantit'ies, and

for this purpose a 12 bit A/D convertelin conjunction
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w'ith a mi croprocessor" (Type MPF-I, manufactuned by Mul ti tech, USA)

and an LSI-11 minicomputer, as shown in Fig. 4.3, is used. The

mìcroprocessor has 2 programmable PI0's (Perìpheraì input/output

ports), one of which is used for hand-shak'ing wìth the LSI-I1 and the

other for obtain'ing 5 volt TTL signals for operatìng various

devices. There are three jnput and output ports (B bits each),

which are usecl to set the A/D converter and send the start/convert

puìse to it. A d'iagnam of the data acquisition systern, various

ports and front view of the microprocessor ìs shown in Figure 4.4.

A crystaì clock of frequency 1.79 MHz in conjunction with 4 jncle-

pendent counter timers in the microprocessol' is used to generate

various waveforms for the sampling frequency' ìnterval between

samp'le sets,'in'itìal delay, tìmìng for traverse and valve operat'ion.

A typical exarnple of waveform genenat'ion for data acqu'is'it'ion at

the rate of 2000 per second fnom three channels w'ith the traverse in

continuous mode is shown 'in Figure 4.5.

A series of instructions written in ZB0 code to operate the micro-

processor jn one of the following modes is loadeci into the memory of

the microprocessor thnough its keyboard.

Mode Devi ce 'in Use

I

2

3

4

5

Val ve + A/D converter

Valve + Traverse (i n continuous mode)

Valve * Traverse (in stop/start mode)

Val ve + A/D converter + HP anaìyser

Va'lve + HP spectrum analysen

+ A/D conventer

+ A/D converter

The mj croprocessoris controlled by the softwane running on the LSI-11

thnough an I bit line (one way); for example, the first B bit block

sent mì ght contaì n 'i nf orrnat'ion such as mode of operatì on, nunber



TTL Digitaì signals for

i ) Va'lve
i i ) Traverse
i i i )HP Spectrum Analyser

Free

Analog input
(16 channels)

(

--ù
--ù

I

lJ
æ
¡

n us

FIGURE 4.3 : LSI-11 AND I2-BIT A/D C0NVERTER DATA ACQUISITI0N SYSTEI'I

8 bits

12-bi r
A/D converter

MICROPROCESSOR

7-79 l4P,z clock

Packi ng
ci rcui t

12 bits16 bi ts

LS I.1 1

(DEc )

D4A
DRV- 118

VDU



From LSI

TTL

SIGNALS

RANDOVI
- - ADDRESS

(ro A/D)

T0 A/D

OUT

OUT
e-hrAY (sKT-1)
TTL SIGNALS

OUT

IN

OUT

I

\0
I

25-way l5-vray(sn-z¡ (slfi-3)
(not used) T0 LSI

(a) Microprocessor front view

2
(sKT-4
TO A/D

OUT --l+l
+l

-l
(b) Microprocessor PI0 (c) 0ther Microprocessor

( I/0) ports

PORT A

8 Bits
+

Hands hake

PORT B

PORT A
4 bits

4 bits

PORT B

PORT C

spare

spare

FIGURE 4.4 : MICROPROCESSOR DETAILS



0.558 ps

CLOCK RATE

(l .7e MHz)

CHANNEL TO

CHANNEL

FREOUENCY

(3 channels)

DATA ACQUISITION
RATE (2 kHz)

VALVE OPEN

(6 seconds )

TRAVERSE IN
CONTINUOUS MODE

(5 seconds )

n
ll

_l L_

L
E put ses

90 pu1 ses

INITIAL DELAY (l second ) DATA ACQUISiTI0N TIME (6 seconds)

I

f\)
O
I

FIGURE 4.5 : A TYPICAL Ù{AVE-FORM FOR SAMPLING THREE CHANNELS Ì,lITH TRAVERSE IN CONTINUOUS MODE



I
lJ
f\)
I

ESSOR

FIGURE 4.6 : DATA ACAU ISITION SYSTEI'I



-r22-

of sampìes, sampl ing frequency etc., while the next block might

ind'icate the end of the data. Data sanples are sent directìy to the

L SI-11'S memony v'ia a DMA (di nect memory access) carcl. The data

acquis'itjon system is shown in F'igure 4.6.

4.4 Offset Ampìifìer

The 12 bit A/D conventelis set to operate on 0 to -10 volts and

sìnce most of the s'ignals measured are posit'ive,'it'is necessary

to offset the s'igna'l to suit the range of the A/D converter.

To obtain max'imum resolut'ion, variab'le gain 'is requìned to make use

of the ful I range of the A/D converter (e.g. fon a signal þgtt^/gsrì +1.5

and +2.5 vo'lts, an offset of -2.5 and gain of 10.0 would yield a

sìgna'l of 0 to -10 volts) .

Each of the A/D channel s has an off set amp'l ì f ier with the ci rcu'it

shown jn Figure 4.7. Electrical noìse fnom the anpìifìers is less

than the resolutìon of the A/D converten (- 2.5 m'il l'i vo]t) and

maxjmum offset of t 7.5 volts and gain up to 100 are poss'ible.

The offset amplifiers were always caìibratecl before use, ancl

calibration of the A/D converter was constantly checked using a high'ly

stable (t o.lmv) DC voltage source (Datel DVC 8500). The offset

ampììfjers have a flat frequency response up to at least 50 kHz, at a

gain of 100, and even better at lower gains.

4.5 Si mul taneous Acqui si t'ion of Mul ti channel Data

Where str"ìctìy sirultaneous acquìsition of several clata channel s

(up to foun i n f act) was requ'i red, the data lvere recorded on a 7-

channel RACAL 'Store' FM tape necorder. Later the data were digit'ized,

one channel at a tìme, using the LSI-11 data acquisition system.
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Fo r thi s purpose a si ne wave of 20 kllz 'is necorded on one of the

spare channels sl'ightìy after the beginning of the analogue data,

at the time of data recording. During play-back the s'ine wave is

converted to a squane v',ave us'ing a $hrni tt-trì gger (refer to

F'igure 4.8), ancl the latter used as a start/convert pulse for the

A/D converter.

A long analogue record is digitized in several runs, the tape

be'ing rewound to the beg'inni ng of the record each ti me. Because

of the memory limitatìon of the LSI to about 20K, the procedure is

as fol I ows.

The m'icropnocessor i s not used and the A/D convertelis set i n

the requ'i red mode by means of hard switches mounted on the

A/D converter. After the first 20K samples have been digitized,

the tape i s rewound to the begi nnì ng and aga'in the dì g'iti zati on

started at the start of the pulse, but thìs tìme the first 20K

sanpìes acquì red ar"e overwritten by the next 20K saq;1es, and so

on. This process is repeated for each channel till the requìred

length of sìgnaì is d'igitized. A schematic diagnam of the

pì ay-back l oop is shown 'in Fì gur^e 4.9.

As the anaìogue clata and sjne wave are recorded on the same tape,

they are locked together, and the method gìves the same results

every time the same channel is dìgitized. The system is checked

by pnocessing a single channel of data recorded 'in this way

and also using the H.P. spectrum anaìyser at the tine of record'ing.

Similar resuìts are obtained as shown in F'igure 4..l0; the spectra are

essentia'l'ly the same except for some low frequency deviation. The.Racal

FM tape recorder provides a 0-20kïz frequency responce bandwidth at a tape

speed of 60 inches per second with an FM centre carrier frequency of 108

kHz and a sìgna'l-to-noise ratio of 48 dB. Before beìng recorded, the
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analogue signals are passed through an analogue dual 4-pole Butterworth

low-pass filter with a cut-off frequency of 10 kHz. The s'igna'ls are

d'igitized at the nate of 20 kHz (limited by frequency response of tape

reconder as the reconded and later modìfied sine wave sìgna'l is used

as the stant/convert pulse for the A/D converter) correspond'ing to a

Nyqu'ist or folding frequency (f¡) of 10 kHz, whene

1
rn=ãñ

and h .i s the samp'l ì ng or di gi ti zi ng i nterval . The ana] ogue pre-

filtering is necessary to avoid errors result'ing from the "alias'ing"

phenomenon, described by Bendat and P'iersol (1966) and Hanris and

Ledwidge (1974). Thenefore, for the data anaìysed th'is way, the

maxi mum f requency 'is I'imi ted to 10 kHz. Si gnaì s di nectly d j S'iti zed

were always low pass filtered at the maximum fnequency of intenest.

4.6 Frequen cy Anal ysi s

The frequency spectrum of the fluctuat'ing signaì, as indìcated in

Section 4.4, is obtained by two methods. In the first method, the

digitìzed signaì (directly digitized in the case of singìe channel

data on through recording on the Racal FM tape recorde¡,in the

case of multichannel data) is pnocessed by us'ing an efficìent fast

Founier tnansform algorithm based on the Cooìey-Tukey technique (1965)

on the Cyber 173. In the second method, the fluctuating signaì is

fed to the H.P. spectrum analyser type 35824, which'is capabìe of

analys'ing signals w'ith frequency up to 25 k{z. Up to 256 avenages are

obtaìned (by running the rig severaì t'imes) to get the required stat-

istical accuracy. The HP ana'lyser is interfaced with the LSI us'ing

the HP-IB jnterface (which is Hewlett Packard's ìmp'lementation of IEEE

Standard 488) pnov'ided with the instrument. Once the required number

of averages is obtaìned, the trace of the spectnum consìsting of

dig'ita1 data points at each of 256 frequencies (e.9.100 Hz spacing

over 25 kHz span) is transferred to the LSI memory.

(4.1 )
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Together wj th the 256 dì gi taì data, 'informati on such as bandwì clth,

frequency span, and vertical scale, dispìayed by the ana'lyser w'ith the

trace, 'is also retnieved and kept with the data fi le. The analyser

ì s always used i n the RMS avenagi ng mode w'ith a 'Hann j ng' passband

window, which offers a compromise between 'f1at top' and 'un'ifonm

passband windows'with maximum uncertainty of 1.5 dB. The RMS averagìng

mode comb'ines each new spectrm wi th the prevì ous pant'iaì resul t on a

point-by-po'int basis using an RMS calculatìon. At any point jn the

cycle the ampìitude A(f) at frequency f is given by

A(f)

and the phase by

1:tn?(r) +A?(f) +... + A2(f)l
nrzn

(4.2)

(4.3)
o (f ) lor(r) + oz(f )I

n
+... * 0 (f)l t

n

where n 'is the number of averages.

The same method of averaging is used on the data anaìysed on the Cyber

173: a cont'inuous record obta'ined by one run of the rig i s processed

and averagecl with the subsequent runs of the rì9. A diagram of the

'interface of the LSI-11 with the HP ana]yser, which requì res a separate

DMA cand, 'is shown i n Fì gure 4.12. A typ'icaì compari son of the

spectnum obtained by the two methods ìs shown by Fìgure 4.10.

The 12 b'it analog-to-cJ'ig'ital converter used is Datel's D9250

w1th an acquisitìon t'ime of 1.35 mìcroseconds, a conversion time of 2

microseconds, and a total throughput period of 4 microseconds (i.e.

throughput rate 250,000 sanpìes per second). A negì'igible amount of

energy ex'ists in wal'l pressure and veloc'ity f'luctuations at the

frequency corresponding to thjs convers'ion time. For 12 bjt
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resolut'ion, quantization enrors are neglìgibìe (befone dìgitizing the

fIuctuating s'ignals ane passed through an AC coupìed amplifier to

remove the DC component) and quantjzatìon and conversion tjme errors

are essentia'lìy uncorrelated with the signal and wìth themselves

(Ì,Jìndrow, 1956 and l,latts , L962). As discussed by Norton (1979),

if we considen the quant'it'ized signa'l x' (or y') to be the orig'ina'l

signal x (or y) pìus an addit'ive ex (or ey) due to quantization and

conversìon time errors such that,

xt=x+ex
and (4.4)

Y' = Y * eY ,

then the normalized correlat'ion coefficient between the two

quantized variables is

(')+p (.)+p (')+p
xey yex exe!o*,r, (t) )=p T

xy

xy 4.5 )

51 nce p p (t) ã p (.) o QXey yex exey

4.7 Statist'ical Considerations

To ach'ieve the desìred degree of statistical certajnty reìating to

the spectral measurements, 'it js necessary that the record ìength,

Tr, be large enough for the chosen analysis bandwidth, Be. The

relation between T. and B. is discussed in detail by Bendat and Pìersol

(1971, p.208) and Harn'is and Ledwidge (1974). If bìas errons ane

negìected, the record 'length requìred to keep the normalized standard

enron to a pnedeterm'ined level is given by

e7 = t//E{, (4.6)

(')=p ,
(
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A normal'ized standard ernor of e¡ = 0.1. was chosen for the present

work, cornesponding to 951. certa'inty that a measured value Iies

within 2% of the tnue mean value. The required condition on band-

width and record length is then

BeTr > loo (4.7)

Thus, small bandwidths requìre ìarge averaging time and v'ice vensa.

Where the spectrum is obtained by averagìng a number of spectraì

samp'les, each derived f rom a short f ixed t'ime-length record of signa'|,

equat'ion (4.7) gives the total record ìength required.
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CHAPTER 5

THT MEAN FLOI^I

5.1 Introduct'ion

I n th'is chapter the resul ts of measurernents rnade to def i ne the mean

flow in the pìping system'in the presence of an orifice plate ane

presented. The flow has the genenal character shown in Fjgure 5.1.

It can, as shown j n F'igure 5.1 , be usef ul ly di vi ded 'into the f o'l'lowì ng

f i ve characteri st'ic zones.

Zonel,X<-0.8
A regì on of undì sturbed ful ly-deveì oped turbulent pi pe fì ow extend'i n9

to I arge d'istances upstream of the ori f ice pì ate.

Zone 2 -0.8 < x < rJ

A regi on of srnal I streamw'ise extent just upstream of tlte ori f i ce

pìate, in which the primany separat'ion of the flow frotn the pipe

wall occurs at the point 51, qu'ite close to the orifìce plate. The

separated shear layer encloses a small rec'irculation regìon between

the separat'i on poi nt and the upstream f ace of the ori f i ce p'l ate.

Zone 3,0( X < l_r_1

A region of separated and recirculating flow downstnealn of the ori-

fìce pìate. Thjs region ìs characterised by a centnaì, turbulent axi-

syrnrnetri c f nee shear l ayen or jet orì gì nati ng at the sharp upstream

edge of the orifice plate. The shean ìayer grows radìal1y with ìn-

creas'ing downstream di stance unt'il it reaches and reattaches to the

pìpe waìì. In the process of reattachment, part of the shear'layer

fluid is deflected upstream, aìong the pìpe waìì, under the influence

of the strong adverse pressure gradi ent whi ch exi sts 'in th'is vi ci ni ty,

to form the rec'irculation region. The fìow in this zone ìs very

unsteady: the reattachment point and the rate of entra'inment of

fluid from the rec'irculating flow 'into the free shear iayer (wh'ich
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is directly re'lated to the reattachment length, 'i .e. the d'istance

between the orifice p'ìate and the reattachment pojnt IKirn, Kl'ine,

and Johnston , 19801) both f I uctuate wi th t'ime .

t^|ithin the recirculation regìon, a secondary separation, of the

r.everse f 1 ow, f rom the pi pe wa'l 
'l , occu rs at the poi nt 52 (F'i gu re 5 .1 )

giving rise to a secondary recirculation region close to the downstream

face of the orifice Pìate.

Zone 4 1.4 < X < 48

The region downstream of reattachment where the d'isturbances produced

by the o¡ifice plate die out and the flow undergoes recovery towards

an undi sturbed equi I i bri um state.

Zone 5, X >_48

The reg'ion of re-establ i shed f uì 'ly-devel oped tu rbul ent f I ow at 'l arge

djstances downstream of the orifice p1ate.

Results will now be given, for various combinations of orifice

and choke, 'i n the ranges 0.62 < Do . 0.83 and 0.39 < Dç ( 0 '86,

(i )

(ii )

(iii )

('iv )

(v)

(vi )

(vii )

(v'i i'i )

pì ate

for

the mass flow rate and Mach number of the undisturbed flow

'in Zone 1;

the centreline flow Mach number at the downstream end of the

pi pe;

the mean position of separation and reattachment points in

Zones 2 and 3;

the streamwise va¡iation of mean values of wall static pressure'

centrel'ine flow veloc'ity and centreline Mach number throughout

the fìow;

rad'iaì profiles of stat'ic pressure;

mean wall shear stress in Zones 1,3,4 and 5;

radjal profiles of mean velocity in Zones 1,3,4 and 5; and

stneamwi se turbulence'i ntensity.
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A summany of the regìons of the floW, where measurements with the

Various pieces of instrumentatjon describecl in Chapter 3 have been

made, ìs gìven in Table 5.1

The partjcular comb'inations of orifice plate and choke used for each

of the measurements (i)-(vi) listed above are shown, in the approprìate

sect'ion of the text, aS a table or on a parameter space plot (Do V,O")

such as Figure 5.2.

5.2 Specification of Flow Conditions

0ver the period during which the pnessure in the vacuum tanks is low

enough to produce choked flow at the nozzle thnoat at the downstream

end of the pi pe, the f I ow 'is compl ete'ly detenmi ned by the corrbi nati on

of orifice pìate and choke which are'installed. Thus specjficat'ion

of Do and D. spec'ifies the fIow. But these combinatjons need to be

related to various fIow parameters.

The flow is essentiaììy a subsonic compressjble flow of the Fanno

type, that is an adiabatic flow subject to the effects of wall

frict1on. Friction is responsible for the flow speed and Mach number

'incneasing in the flow direction, urhile at the same time stat'ic

temperature, static pressure and static dens'ity decrease.

In the pipe flow rig used for the present work, the effect of the

choke 'is to accelerate the fulìy-deve'loped fìow at the downstream

end of the pipe to a sonic condition within a very short axial

clistance. Prov'ided that conditions are not too close to those at

which frictional effects become ovenwhelming ancl frictjonal chokìng

occurs'in the piPe, fnictional effects over the acceleration region

are not very Significant. The accelerat'ion therefore js Very nearly

ìsentnopjc; and hence, provìded that the mean velocìty profile ìn

the fuìly-deveìoped flow in thìs reg'ion does not vary sìgnifìcantìy

with the mass flow rate through the pipe, the centre-l'ine f'low Mach
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number ME in the pipe'immediately upstream of the choke w'ill be

determined onìy by the ratio of the throat area of the choke to the

cross-sect'ional area of the p'ipe, i.e. by D:. 0n th js basis the

centreline Mach number ME can be expected to have the same value for

a g'iven choke, irrespective of orifice plate which is installed

further upstream. Thus we expect

ME = ME(Dc), ancl independent of Do, (5.1)

and it wìll he seen this is confirmed by the experirnental measurements.

Variation of the orifice size Do affects the flow as a result of the

conresponding variation'in flow nesistance; for a gìven Ds, reductjon

of Do g'i ves i ncreased f I ow resi stance, and i ncreased stat'ic pressune

drop between the reservoir (atmosphere) and the downstream end of the

p'ipe. Thus a decrease in Do produces neduced fluid density at the

downstneam end of the pipe at the same flow Mach number Mg, and hence

neduced mass-fIow rate.

If the assurnptions are made that

(i ) the nadial distnibut'ion of mean veloc'ity in the pipe just

upstrearn of the choke'is similar fon all mass-flow-rates;

(ii) total temperature in the fluid is constant and equa'l to the

reservoir (atmospheric) temperature T¡, and

('ii i ) stat'ic pressure p i s constant over the cross-sectì on,

then the average mass flow rate per unit area over the cross-section

J is given by

mz
I
0

pUrd n

¡a2 a2

2puo I f (g)g clE

J

RTr

a

(5.2)
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where E = r/a, the rad'ial d'istri bution of mean vel ocity i s represented

bV f(g) = U/Uo, and T is the local stat'ic temperature of the fluid.

Consistent with the above assumptions the local statjc temperature

can be expnessed as

ll2 lJo2
T=T =Tr[1 --.f2(e)]' 2Cp ' '- zcpTr

= Tr[1 - k2tz(E)f, (5.3)

whe ne

lJn2
k2=å=

2CpTr

v-1
T ¡42

= k(Mo). (5.4 )
(1 + 2

0
M^y- 1T )

With these relations and the speed of sound in the reservoin expressed

ôS d¡ = (.1RTî)L/2, equation (5.2) can be written as

'rPMo
J= 5.5)

ar(l + +
where

1 f(e)E dE
F2(Mo) = , Io

[1 - k2r2(E)l
5.6 )

It 'is convenient to express J in non-dimensional form a; = l/j*,
whene j* is the mass-flow rate per un'it area which would be produced

by isentropic expansjon from the given reservoir conditions to sonic

velocitJ a* with corresponding density p*. j* ìs gìven by

ypr 2 (.r+t)/Z(rt)

F2(Mo),
tlrf,)trz

1=
'J*

p a * ( ) t (5.7)* âr Y+l

where pr is the neservo'ir pressure.

Equatìons (5.5), (5.6) and (5.7) g'ive

J = p/pr F(Mo), (5.8 )
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where

y+l (.r+1) /2(rI)
F(Mo) = (T)

+ Mf,\rrz

In a flow such as the pnesent one, where the fluid experiences ìarge

changes in state between inlet and outlet, J is an important parameter

providing an overall characterisation of the flow.

The mass f I ux per unit area on the pi pe centrel'ine j o (=oello ) can

be shown to be given by

rpMo (1 + t4? )L/2

ar

and hence

jo Y+1 (r+1) /z(t-I) p 1-1

T

Mo

F2 (Mo ) (s.e )
(1 +

y-1
2

(5.10 )io

Jo ( Mo(l + l4o2) L / 2 (5.11)

(5.12 )

j 2 pr*

It follows that

J

where

F4(Mo) otJ

Fz (Mo )
F+(Mo) (5.13)

v-1T
Calculated values of the functions F(Mo) and Fu(Mo) based on f(E)

given by Equation (2.42) ane shown in Fìgune 5.3. These allow J

to be evaluated from measured static pressures and centrel'ine Mach

numbers (in regions of fulìy-developed fìow) by Equat'ion (5.8) or

Equation (5.12).

To compìete the specification of the flow, we require to spec'ify

also the in'itial state of the fully-developed p'ipe fìow, upstneam of

the orifice pìate, before it is subjected to disturbance. An

appropriate parameten is some centreline Mach nurnber characterist'ic

(1 + M3)
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of the flow in this reg'ion. Since, in thjs regìon, flow speeds and

Mach numbens are low and frictional effects cause them to vary onìy

s'lowly w'ith axjal distance, it'is adequate to spec'ify the centreline

Mach number at an (arbitnary) convenient djstance upstream of the

orifice plate. A point 275mm upstream of the orifice pìate (X = -3.8)

is used throughout for this purpose; the centreline Mach number at

thìs point is designated M1 and the cornespondìng veìocìty tJy.

Provided that the assumptions listed earlien 'in this section are

val jd, specif icat'ion of J, and M1 (determined in turn b,y Do and D.),

togethen with the atmosphere reservoir conditions, compìeteìy

specifies the flow which is being subjected to clisturbance.

An expressjon for estimating the Mach nubmen ME just upstream of the

choke can also be obtained, based on the same assumptions g'iven

above for the derivation of mass-flow rates, with the additional

assumption that, in each annular streamtube entering the choke, the

flow is accelerated from its fully-deve'loped turhulent state at the

downstream end of the pipe to a sonic condit'ion at the throat section

of the choke (implying that M = 1 at all radii at the throat, but

that othen fluid properties vary with nadial position). Thus the

fluid flowing through the annular anea Zrçrdr in the p'ipe is assumed

to pass through the corresponding area 2rrdr (A*/A) of the throat,

where (A*/A) represents the area ratio in a one-d'imensional flow for

flows with Mach numbers un'ity and M, and is given by

*
y+ Y- (5.14)

A ty+I (1+ M2 ):ì

The choke anea associated with pipe flow wjth Mo = ME is therefore

MA

r'd^2L^

- 
= ¿,rÍ

4
r(

Aa

I
0

*

A
) dr. (s.15)
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The local Mach number ìn the pipe fìow is g'iven by

¿2
142=-

YRT

and with Equation (5.3) thjs can be expressed as

2
M2=-

k2f2 ( E)

y-l It - k2f2(s):ì

substitution of equatìon (5.14) and (5.16) 'in equation (5.15) ìeacrs

to

(5.16 )

(5.17 )

y+l (r+1) /2(y-I)
Dr2 = z(T)

J
0

Mg

(1 + y-la-
1 1 / (y-I)
[1 -k2f2(e).ì .E.f(E) dE.

l4E2) L / 2

x

With k2 as in equation (5.4) with Mo = ME, this equation allows the

value of D. corresponding to any given value of ME to be calculated.

5.3 Ex erimental Values of J M ancl M for Various D Combi nat i ons

As a preliminary to examination of the flow in the presence of orifice

p'lates, the development of the fIow in the absence of an orifice

pl ate was i nvesti gated . Ful ìy-devel oped tu rbul ent fl ow vel ocì ty

profiles exist at X = 0 (taken as 55 diameten downstream of the

pipe entrance) at aìì speeds. The velocity profìles are presented

in the universal form in Fìgure 5.4 for the flow speecls given by

the chokes Dc = 0.39 and 0.86. They compare well with the logarithmic

distribution given by Equation (2.33) and L/7th power ve'locìty

di strì buti on deri ved from Bl asi us's resi stance formul ae. Good

agreement is found between friction velocities calculated from the

pressure drop along the pìpe and those obtaìned from the measureci

velocity profiles using Clauser (1954) charts.

!'li th an orif i ce pl ate i nstal I ed, measurements were i n general not

made at positions further upstream of the orifice p'late than X = -4.1.
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For all orifice p'late/choke combìnations used jn the experiments, the

flow js fulìy-deveìoped at this position. In the one or two cases

in which measunements were made funther upstream, fulìy-deveìoped

flow was founcl at posit'ions sìgnìfìcantly beyond X = -4.1. Typicaì

measuned velocìty profiles, at x = -8.27 for flows w'ith the orjfice

Do = 0.76 and chokes Dc = 0.39,0.86 are shown in Fjgure 5.4

It can be seen that they are in close agreement with fully-deveìoped

profiles represented by Equati on (2.33).

Comparative measurements were made to determine the effect of

i ntrocluci ng the i nternal sl eeve to ca rry the ori f i ce p'l ate. The

presence of the sleeve produces small dìfferences in mass-flow nate

and initial Mach number compared wjth the flow with an orifice plate

of the same geometry c]amped between pipe fìanges. However, at most,

the changes amount to t 2% of M1 on J; and genera'lìy they are

consjdenably ìess than th'is. Consequently, no atternpt is made, in

the data presented, to distinguish values corr.esponding to the

different methods of mounting the orifice p'late.

Values given fon the mass-flow rate parameter J have been obtained

fnom measured centreline values Jo and values of Fu(Mo) caìculated

from Equation (5.13), or equivaìentìy from the measur^ed stat'ic

pressure and F(M0) calculated from Equation (5.9). This procedure

appears to g'ive consistent results for J irrespect'ive of the particular

location in the system (provided that the flow there is fully-

developed) at wh'ich the measurement is made. Values of centreline

Mach number and J obtained from measurements at X = 0 and 102 in

undisturbed flow (no orifice pìate, Do = 1.00) are gìven in Table

5.2 for al I chokes. The values of Mo at X = 0 are essent'iaì ìy the M¡

values fon thjs case, while the Mo va'lues at X = 102 correspond to

ME. Similan data for all flows with the Do = 0.76 orifice, derived

from measurements at X = -3.8, with the orifice plate mounted at the
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upstream end of the sleeve, and at X = 102 wjth the orifice pìate

mounted on the downstnean¡ end of the sleeve, are given in Table 5.3.

The values in Tables 5.2 and 5.3 jlìustrate both the consistency

referred to above and the small effect of djfferences arising fnom

different orientations of the onifice plate and the sleeve.

M¡, J and ME

the chokes D6

values for all four orifice pìates in combination with

= 0.58, 0.72 and 0.86 ane presented in Table 5.4.

It can be seen that the centrelìne flow Mach number at x = 102, M¡,

as discussed earlier jn thìs sectìon, is independent of Do for" anV

given choke, in accordance with tquation (5.1).

The depenclence of l'l¡ and T on Do and D. is shown graphÍ ca lìy ì n

Figure 5.6 and 5.7. The for"mer also shows the measured variation of

M¡ with Dc, and the close agreement between these values and those

calculated by Equation (5.17). As can be seen fnom these figures,

the mass-flow nates fall jn the range of about 15 to 58% of the

uniform 'isentropic f low rate, the centrel'ine Mach number M¡ in the

undisturbed flow varies between 0.1 and 0.4, and the correspondìng

Mach number ME at the downstream end of the pipe, where the flow has

recovered from the disturbance, varies between 0.1 ancl 0.56.
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Tabl e 5.2

Centreline Mach number and flow rates obtainable with various chokes

tJncli stu rbed f I ow D = 1.00

X = 102Choke
No. Dc

J

I

2

3

4

5

6

7

I

9

0.146

0.233

0.264

0.322

0.366

0 .413

0.452

0.487

0 .523

0.57310

My

X 0

I
Mo

M

pu
(kg/m2.

sec. )

pu/p*u*

0 .39

0.49

0 .52

0.58

0 .63

0.68

0.72

0.76

0.80

0.86

0.094

0.157

0.178

0.223

0.254

0.298

0.324

0 .363

0.400

0.451

38 .5

63 .3

72.7

88.4

101.6

IT5.2

125.8

135 .9

146.2

160.9

0.161

0.266

0 .300

0 .368

0.419

0.481

0.525

0 .568

0.611

0.670

0 .136

0.226

0.256

0.315

0 .359

0.4r2

0 .450

0.487

0.524

0.57 4

0.102

0.165

0 .189

0 .236

0.276

0 .323

0 .366

0.410

0.463

0 .559

41.49

65.51

73.92

89.90

t02.20

115 .30

126.20

135 .90

145.90

160 .18

0.173

0.27 4

0.309

0 .376

0.427

0.482

0.527

0.568

0.610

0 .669
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Table 5.3

Centrel i ne Mach nu mber and flow rates obta'ina ble with various chokes

with the orifice I ate l) = 0.76

o cep a ea ups ream or cep a eat
nd of sleeve end of sleeve

X=102
Choke

No. J

1

2

3

4

5

6

7

I
9

10

0 .146

0.226

0.253

0 .304

0 .339

0.375

0.402

0.424

0.442

0.468

owns ream

sec.
(ks /n2.

pU pu up
Jo

o
MEJ

pu p u

Jo
sec.

(kg
pU

/m2,

- 3.8X

I
Dc

0.r72

0.265

0 .296

0 .355

0.396

0.437

0.469

0 .494

0.516

0 .547

41 .1

63 .5

70.9

84 .9

94.9

104.5

tlz.l
118.1

123.5

130 .5

0 .102

0 .165

0.188

0.235

0 .216

0.322

0.366

0.410

0.463

0.561

0 .148

0.230

0.259

0.304

0 .339

0.374

0.399

0.426

0.446

0.469

0.175

0.270

0 .304

0 .356

0.396

0 .437

0.466

0.497

0 .520

0 .547

41.8

64.7

12.5

85.?-

94.7

L04.7

111 .6

119 .0

r24.5

130.9

0.102

0.159

0 .181

0.2I4

0 .240

0.268

0.290

0 .311

0 .328

0 .348

0.39

0.49

0 .52

0 .58

0.63

0.68

0.72

0 .76

0.80

0.86



Centreline Mach number and

o ri fi ces

Tabl e 5.4

flow rates obtainable wìth various sìze

and flow speeds at X = 102

o e

0ri fi ce
Si ze

45

5rl

55

60

0ni fi ce

M1

0 .230

0 .290

0.348

0 .394

0.451

I

(tr
ro
I

J

0.329

0.397

0.468

0.52I

0.573

o-
/p*u*

..J

pu

0 .384

0.464

0.547

0.609

0 .669

pu
(kg/rfl

sec )

91.81

110 .0

130 .5

145 .8

160.2

M o
l{6

0 .559

0 .559

0.561

0.562

0.5590.324

M1

0.277

0.260

0.290

0.311

0.452

0.309

0 .360

0.402

0.428

J

0.527

0.360

0.42

0.469

0.499

o-
/p*u*

J
pu

126.2

uIru
pU

(kg/rP
sec )

86 .09

100.6

TT2.T

119 .5

0 .366

0 .363

0.366

0 .366

0.366

o
M¡

M

0.223

IM

0.322

0.262

0.287

0.304

0.313

J

0.376

0 .306

0.335

0 .355

0.366

o=
/p*u*

J
pu

87 .9

73.3

80 .2

84.9

87 .5

pu
(ks/#
sec )

0 .235

0.?34

0 .235

fl .2 35

0.235

0.67_

0.69

0.76

0.83

1 .00

Do
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5.4 Separation and Reattachment Pos'itions

Typ'icaì variation of the pressure differential , ÀP, incl'icated by a

fence gauge (wjth a fence height of 0.1mm) mounted in the pipe waì'l ,

through the sepanated-flow regìon and slightly beyond for an orifice

plate wìth Do = 0.76 with three different flow rates (correspondìng

to the chokes Dc = 0.58,0.72,0.86) is shown'in Figune 5.8. The

zero-crossings of the curves of ap against X gives the positions of

points of zero mean wall shear stress: thus the mean posìtion of the

pnimary sepanatìon can be'identìfied as X51 = -0.08' that of

reattachment Xp'in the range 1.3-1.4, and that of secondary separation

as X52 = 0.17.

Figure 5.9 shows the results, from Figure 5.8 and simjlan pìots

for other orifice plates, for the coordinates of the primary

separation, reattachment and secondary separated points non-

dimens'ionalised by the pipe dìameter. In these terms, al'l thnee

points move towards the orifice plate as Do increases (i.e'as the

radial height of the obstruction decreases). The effect of increasìng

f I ow rate ('i ncreasi ng Dc ) i s al so to move the po'i nts towards the

orifice plate; the effect is veny small on X51, somewhat greater on

X52 and lar"gest on X¡, and incneases as Do is reduced. L'ines of

constant xp/h are also shown on Figure 5.9. These indìcate that

the neattachment ìength expressed in terms of h'is Iess strongly

dependent on Do than is XR.

Some measurements were also made of the wall shean stress in the

separated and reattached flow neg'ions with hot film gauges. For

this appf ication these gauges have two well-known problems:

(1) the gauge responds on'ly to the magnitude of the wall stress

and g'ives no indjcation of the direction of the stress, and
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(2) the intercept on the Nusselt number axis obtaìned by

extrapo'lat'ing the I i nean Nu v. t*l/3 cal i brat'ion cunve

to t¡4 = 0 does not gi ve a t rue i nd'i cat'i on of the gau ge

response at tç = 0 (see McCroskey and Durbin, 1972).

A comparison of the type of result obtained wìth the hot film and

that given by the fence gauge is shown by Figure 5.10. It can be

seen that mìn'ima in the hot film values correspond qu'ite closely to

the Âp = 0 values from the fence gauge. However, the magnitudes of

the stress jndìcated by the hot film at these points are not the

same. This difference appears to be a result of the fact that the

hot film output ìn regions of fluctuating stress corresponds to

(rw2 + !ff)I/2, where ff is the mean squane fluctuation, and

that the level of fluctuation is significantly different at the two

tw =0 poì nts.

Thus, while, with care, the hot film measurements can be used to

obtain the separation and reattachment posit'ions, the procedure is

less sat'isfactory than that based on the fence gauge. For this

reason hot film measurements for this purpose were not pers'isted

with.

Figure 5.11 shows that when the same measured djstances of separation

and reattachment poìnts from the onifice pìate are expressed ìn

terms of the radial height of the obstruction pnesentecl by the

o¡ifice plate, h = (d-dì/2, they show a considerably weaker dependence

on Do. The position of primary separation X51/h appears to be

'indepenclent of Do, while X52/h and Xp/h increase sìow1y w'ith incneasing

Do'
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0n the assumpti on that compress'ibi l'ity ef f ects are i nsi gnì f i cant '

and for a 9ìven orifice geometry (shanpness of edges' etc')'

d'imensional anaìysis would 'indicate that

X51, X52, XR = function (D'0 , Re) (5.18)

or

x51/h, x52/h, xp/h = function (Do ,Rg), (5.ie)

where R. is a Reynolds number characteristic of the orifice flow' A

fairly good colìapse of the data can be obtained'if h js used as the

ìength scale and the values pìotted as a function of the Reynoìds

numbenReh=Uth/vt(rigure5.I2),whereUlistheund.isturbed

centne-line velocity upstream of the onificê ând v1 the corresponding

kinematjc v'iscosìty. Thus Figure 5.12 suggests that over the,

admìtteclly rather small, Reynoìds number range of the pnesent

experiments, equatìon (5.19) reduces to

x51/h, x52/h, x¡/h = function (Ren) (5.20 )

Most of the previous experimental determinations of the neattachrnent

length for an orifice pìate in a cjrcular pjpe have been made

indi rectly, the position of reattachment being identified with the

position of maximum heat transfer rate in a heated pipe or with that

of maximum turbulent ax'ial velocity fìuctuatjon. Dyban and Ep'ik

(1970) have attempted to correlate such data, which coven orifìce

sizes0.25<D<0.BSandaReynoìdsnumberrangeof

1N < Reh < 4.0 x 1Û+. The data show no systematic variation wjth

Reyno'lds number and considerable scatter, va]ues of xq/h as low as 5

and as high as 18 being observed. Dyban and Ep'ik give a mean line

for the variation of x¡ wìth D0, which js shown in Fìgure 5.9; it

i s equ'i val ent to x¡1/h = 10.6 . Thi s can be companed w j th the x¡¡/h

values.in the present case in the range 9.2 to 11.6, for just slightly

h'i gher ReYnoìds numbers.
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Back and Roschke (I972) have measuned reattachment lengths (by fìow

visualisation) jn the flow through a sudden expansion (dìameter

ratio 0.39) in a circular pìpe, but on'ly for flow wìth a thin boundar"y

ìayer upstream of separation. At Re¡ vaìues of the orden of 3 x 103

the boundary ìayer ìs turbulent and xR/h = 10.

The reattachment ìength fon onjfices 'in c'incular pipes expressecl as

xp/h seems to be rather higher than the connesponding va'lue for

sepanat'ion of a turbulent boundary ìayer from a backward-facing step

jn two-d'imensional flow. From the data surveyed by taton and

Johnston, (1980) the latter ranges from 5 to 8.2.

Very ìittle expenimental information is ava'ilable on either X51 or X52.

Adams, Johnston and Eaton (1984) used a pulsed wire probe in theìr

two-dimens'ional flow downstream of a backward-facing step, wjth a

step height Reynolds number, Re¡, of 36000 and measured the sepanation

of the reversed flow at x/xR = 0.1, which is a slightly lower value

than measured here, namely (xSZlxR) = 0.13 at a Reynoìds number based

on the orifjce plate radial height h of Reh = 30350.

The results obtained here fon separation and neattachment locations

are therefone broad'ly consi stent wìth previ ously pubì'ished wonk and

appear to represent a mone direct and systematic set of measurements

than any prev'iousìy obta'ined for orifice pìates'in circulan pipes.
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5.5 Streamwise Variation of hlall Static Pressure and Centre-line

Velocity and Mach Numben

The stneamwise variation of total pnessure, velocity and Mach nurnber

on the pipe centreline and the wall static pnessure has been measured

f or the on'if i ce-choke combi nat'i ons shown 'i n Tabl e 5.5 .

Table 5.5

Ran of Measurements for Streamwise Variation of
a a c ressure a e oc

D

0. 83

0.58

0.63

0.7 2

0.76

0.80

0.86

The measurements cover streamwise d'istances -5.5 < X < 8.5, except

for the case with Dc = 0.86, D0 = 0.76 whene the measunements cover

the w'ider range -L6.7 < X < 91.5.

The typical form of the stneamw'ise vaniation of the flow panameters

is shown fon two flow cases: Do = 0.76, Dc = 0.86 in Figure 5.13(a)

and Do = 0.83 and D. = 0.72, in Figure 5.13(b).

Fìgure 5.14 shows the same data as in Figure 5.13(a) in greater

detail in the range of X fnom -5.5 to 8.5. The flow zones defjned

in Section 5.1 are shown on the figures,
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Consider first the flow with D0 = 0.76 and Dc = 0.86. Figures 5.13(a)

and 5.14 show that the centneline Mach number remains essentiaì1y

constant in zone I (at MI = 0.35) fon some considenable distance

upstream of the onifice plate.

In the the disturbed fìow reg'ion, zones 2 and 3, between the point of

separatìon of flow from the pìpe walì upstream of the orifice and

the point of reattachment downstream, the centreline Mach number

shows - as would be expected consjdering that the cross sectional

area of the orifice is only 571. of the pipe area - a lange and rapid

variation. Immedjateìy upstream of the orifice, in zone 2, 'it falls

s'lightly beìow M¡ and then rises rapidìy as the fIow contracts to

pass through the orifice. Just downstream of the orifice (X = 0.34,

or x/h = 2.9), the Mach number reaches its maximum value (in this case

sìightly greater than unìty) at the vena contracta of the free jet

formed by separat'ion of the flow from the upstream edge of the

orifice plate. It then falls very rapidly as the free jet grows to

fill the pipe at reattachment; it continues to fall,'in zone 4, at

the commencement of the recovery pnocess in the now reattached flow,

reaching a loca'l minimum value of 0.41 at X = 7.I4, ¡/þ = 59. Ì^Jjth

furtherincrease in X it rises, at first'in zone 4 more rapid'ly than

frictional effects can account for, and final'ly in zone 5, for

X > 48 or x/h > 400, at a nate determjned entirely by frìctional

effects.

It should be noted that the total pressure shown in the fìgures

corresponds to the pìtot tube reading. Just downstream of the

orifice where the Mach number is sl'ightìy jn excess of unity, this

indicated total pressure is the stagnatjon pressure behind the

nonmal shock formed ahead of the p'itot tube. In such cases M 
o'is

obtained from the true total pressure, ca'lculated using the Rayìeigh

Supersonic Pitot fonmula Isee, ê.g. Lìepman ancl Roshko,1957, p.1491.
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As can be seen from Figure 5.13(a) and b.14, the variation of
centreline velocity uo with x closely para'llels that of Mo.

The streamwise variation of static pressure on the p.ipe waìl is
complementary to that of the Mach numben and velocity. upstream of

the orifice pìate the static pressure decreases very slowìy due to

frictional effects, and close to the upstneam edge of the onifice
it is slightly ìncreased as part of the impact pressure on the

ori f ice p'l ate 'is conveyed to the wal I . Across the ori f i ce pl ate i t
undengoes a step reduction, and further" decreases downstream to a

minimum where the velocity js maximum. It then incneases as the

cross-sectional area of the free jet increases, ancl cont.inues to

increase steep'ly beyond the point of frow reattachment. It reaches

a maximum value downstream of reattachment, at about x = 4.4. At

neattachment, the statìc pressure has risen by about 56% of the

overalI pressure rise from the minimurn vaìue to the maxìmum value.

Thi s ís a consi derab'ly smaì I er percentage than the ls% whi ch .is

observed in the case of reattachment behind a two-dimensional backwarrl

facing step (Kim, Kline and Johnston (1990)) or the 7r% for the 90.

mitred bend in pipe flow (Buìl and Norton (1991)).

with incr-ease in x, beyond 4.4 the statjc pressure drops slowìy at

first and beyond x > 48 at a slight'ly faster rate, now determined

only be frictional effects.

A simiìar sequence of parameten changes, although of d.ifferent mag-

nitudes can be foìlowed jn Figure 5.13(b) for the second representative

flow case, Do = 0.83, Ds = 0.52.

The form of the wall static pressure variation oven the separated fìow

and reattachment region (zones 3 and 4) is shown.in more detaiì in
Figure 5.15, where the data have been pìotted jn the form of the

pressure coefficient
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c
P-Pm'in

,
Pmax-Pmi n

(5.21)p

and the X coordinate has been non-d'imensionalized by the length of

the neattachment region, XR. Results are shown for one orìfice,

Do = 0.76, in comb j nation with three d'ifferent chokes, Dc = 0.58,

0.72, and 0.86, and also for four different orifice pìates Do = 0.62,

0.69, 0.76, 0.83 in comb'inatjon with one choke Dç = 0.72. With this

normalization those of the former set col'lapse welì on to a single

curve; but for those of the latter, the rate of pressure recoveny,

particularly just after reattachment in the regìon 1.3 < X < 3.6.is a

function of the orifice size, r'ecovery beìng faster the smaller the

orifice. The precise shape of the pressure recovery curve therefore

appears to be determined by the orifice size,'irrespective of the

fl ow rate.

5.6 Static Pressure Profiles

The results for flow velocities and Mach numbers in the pr"eceding

sectjons have been derived from measurements of total pressure and

the static pressure at the wall at the same streamwise location.

The assumption has been made that the static pnessure is essentialìy

constant oven a given transvense cross-section of the flow - or, at

least, that the static pnessure has the same value on the centne-line

as on the wall. The assumption is valid in the flow upstream of the

orifice plate and also well downstream of jt (X > 6.5). However,

in the sepanated flow regìon jmmedjateìy downstream of the orifice

the streamlines of the flow exhibìt apprec'iable curvature; thjs

g'ives an increase in pressure with d'istance from the centre of

curvature and the effect increases with the fìow speed. In add'ition,

the turbulence causes a variation of static pressure across the pipe

diameten. Turbulence effects for the case of undisturbed fulìy
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developed turbulent fìow can be calculated usìng the data of Laufer

(1954) . The radi al vari at'ion of mean statì c pressure i s g'i ven by

the approprìate'ly reduced form of the Navier-Stokes equatìon

( ref er to Gol dste'i n, 1938 , P.254) :

p (5.21)d + v'2) (w'2 v'2 )
d rp

where v' and w' are the rms

vel oci ti es; s'i nce v ' and w'

can be integrated to gìve

nadi al and ci rcumferenti al turbul ence

are zero at the wal I , th'is equati on

t'

a V,,'2 -v t2

Þ-=pw -pv,z P-61¡ (5.22)

Therefore the effect of turbulence can be calculated'if v' and w'

are known. Based on Laufer's data for Re = 500,000, at a centne l'ine

Mach number of 0.32, the maximum effect of tut"bulence would be about

-1.1 Torr at r/a * 0.97; this would give a maximum -0.2% variation

in static pressune on at the most +0.04% variation jn the local Mach

number. However, in the separated reg'ion whene the turbulence

intensities are high, effects due to turbulence ane'lìkely to be

g reate r.

Measurements made with a small traversible statìc tube in flows w'ith

D^ = 0.62 and 0.72 and D. = 0.58, 0.72 and 0.86 show that the static
0

pressures at the wall and the pipe centre-line are essentìaììy the same

except in the case region before the vena contracta, where the centne

-line value'is higher than the wall value. The maximum difference

of 7 Torr is found at X = 1.3, and corresponds to a I.6% under-

-estimation of the Mach number; the effect d'iminishes to 1 Torn at

X = 5.5, corresponding to 0.I4% difference in the Mach number. These

figures give an jndicat'ion of the errors jnherent in the data for

the flow close to the orifice.

I
r t'
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5 .7 Mean l,Jal I Shear St ress

Measureci values of the mean wall shear stress t¡¡, throughout the

flow downstream of the orifice plate, are requjred fon analysìs of

mean veloc'ity profiles and their development, to be discussed later.

These values have been obtained from

(1) Preston tube measurernents,

( j i ) sunface fence gauge measurements, and

(iii) Clauser charts.

Cl auser (1954) charts have been used to deterrn'i ne val ues of the

rat'io Ur /U0 of f rict'ion vel ocì ty tJ, = /îi/l to centrel'ine f I ow

velocity at locations downstream of flow reattachment whene necovery

of the flow fr"om the djsturbance has progressed sufficìentìy for the

measured mean velocity pnofìles (see Sectjon 5.8 below) to show

well-defjned logarithmic regìons. Such values, for X > 16.5' for

flowswithl)o=0.76and0.=0.39and0.86,areShowninF.igure

5.16.

FortheflowwithD0=0.76andDg=0.S6surfacefencemeasurernents

have been macle at cl osely spaced pojnts oven the whol e of the neg'ion

downstream of the orifice pìate 0.08 < X < 109.6. In this case, the

cl auser chart val ues have been used to cletermi ne the cal i brat'i on

constant K = ÂP/ry¡ of the fence gauge 'in the reg'ion X > 16'5' This

value (actua'l1y 72.7) has been assumed to apply also to the regions of

separated, neattach'ing and recovering fìow 0 < X < 16.5. The values

of ur/uo shown for the surface fence in F'igure 5.16 have been

obtaìned in thjs way. The valid'ity of this procedure'is conf irmed

by the quite good agreement (withìn a few percent) obta'ined between

the Clauser chart and fence gauge values and cornespondìng vaìues

from Preston tube measurements which are also shown in F'igure 5.16.

The values of Ur/U0 whjch are used later in djscussion of the

development of the mean velocìty pnofì'les durìng recovery are shown

by the broken line in F'igure 5.16.
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For the flow wìth D0 = o.76 and D. = 0.39, for which no surface

fence measurements wene made, Clauser chart and Pneston tube nesults

are also consistent fon X > 16.5. The values of Ur/U0 for velocìty

profiìe comparisons, shown jn F'igure 5.16, are based on these ValueS

and the Preston tube data fon 0 < X < 16.5.

It can be seen from Figur"e 5.16 that, as observed by Bradshaw and

l.long (L972) i n the case of reattachment and rel axati on of separated

boundary layens, the waìì shear stress and U./UO do not return mono-

tonically to their equììibriurn values after the disturtrance. Here,

as X increases downstream of reattachrnent, the value of U./Uo

rises from zero at neattachment to a maxitnum vaìue at X = 7.7, about

?-5% hlgher than that for the undisturbed fìow; it then falls off,

regaining values typical of undisturbed flow at X = 30.

The vaniation of Ur/Uo with X over zones 2, 3, and 4 fon flow wìth

Do = 0.76, Dc = 0.86, is shown in Figure 5.17.

In the separated fìow reg'ion (zone 3) 0 < X < 1.4, as 'in the corres-

ponding region in two-dimensionaì flow over a backward-fac'ing step

'i nvesti gated by Eaton, Jeans, Ashj aee and Johnston ( 1979 ) , qui te

ìarge negative values of sk'in friction assoc'iated with the reversed

flow ane obsenved. The ìargest negatjve value corresponds to U"/Uo

= -0.016, some 40% of the undìsturbed flow value. Closer to the

orifice plate, jn the negìon 0 < X < -0.06 upstream of the secondary

separat'ion, small posìtive shear Stress values are agaìn observed.

Upstream of the onifice plate U./Uo falls rapidly in zone 2, frorn

its undìsturbed fIow value jn zone 1 to zero at the prirnary sepanation

po'int. Between S1 and the orifice pìate it assumes negative values

of s'irnj I an magnì tu<le to those i n the separated f I ow downstream of

the onifice pìate.
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5 .B Mean Vel oc'ity Di st r j buti ons

Variat'ion of the mean-veloc'ity profìle across the pìpe fr"om ìts jn'itial

undisturbed fully-developed state welì upstream of the orifice to
'its re-establi shed fuì ìy developed state wel I downstnearr, over the

range 9.3 < X < 87, has been investjgated for the flows wjth

Do = 0.62 to 0.f16 and D. = 0.39 to 0.86. The measurernents were made

wjth a pìtot tube, and for D. = 0.39 velocìty pt"ofi'les wene also

measured with a hot wjre anemometer. Data obtained by the two

methods compare we'lì as shown in Figure 5.18. The pitot tube and

hot wire wene always set with their axes paraì'leì to the p'ipe ax'is.

Data wene recorded dìgìtaì1y, and mean values obtained as

of 100 sampl es ( 100t1 samp'les wi th hot wì re ) over a peri od

second at each rad'ial I ocati on.

an average

of I

Veloc'it'ies in the neversed flow were obtained from total pressure

measurements, with the mouth of the pìtot tube facing'in the opposìte

dìnection to the majn flow. Statìc pressure was taken from the

tappìng in the pipe waìl at the same axial location as that of the

p'itot tube entry. The pitot tube was always removed from the pipe

before measuring the static pressure. In the mean velocìty values

presented no account is taken of any local 'inclination of the mean

flow to the p'ipe ax'is. Errors from thjs source will be greatest in

the vicìnity of separation and reattachment poìnts where streamline

curvature is highest.

Total pressure measurements are subject to add'itional error in the

unsteady f I ow wh'ich occurs nean a reattachment po'int, as a nesult

of neversals jn fìow direct'ion during measurement. Kim, Kìine and

Johnston (1980) estimate that such effects introduce uncertainties

of about 10/" of measured velocities.
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Do = 0.76 and D. = 0.39 and 0.86, are shown

f ì ow approachi ng the orì f ì ce, a f ul ly deve'loped

at \, = -8.27, but divergence from it js

the poi nt, where the fl ow startS separati ng

ura I I .

vel oci ty prof i l e exi sts

evi dent at X = -1.837

In the regìon of reversed flow downstneam of orifice p.late 0 < X < XR,

profìles are shown for four values of X, vi2.0.34,0.55,0.90 and

I.21. The variation of the maximum reverse velocity U¡, its distance

f rom the wal I and the d'istance of the po'int of zer"o vel oci ty f rom

the wall with stneamw'ise distance x non-dimensìonalised by x¡, is

shown in F'igure 5.20. The maximum backflow veloc'ity occuns s'lightly

less than ha'lf -way a'long the separation bubble and has a value

approaching 27% of the correspond'ing centreline velocity, which is

slightly hìgher than that measured for the f'low oven a two-dimens.ional

backward-facjng step - 20% by Bnadshaw and tlong (1972), 2I% by Kìm,

Kl'ine and Johnston (1980), 18% by Etheridge and Kemp (1978) and

the 2l% measured by Back and Roschke (1972) for a sudden expans'ion

in a circular p'ipe.

The dìstance from the wall of the position of zero velocity (i.e.

the point above and below which the fluid js moving'in opposite

directions) is slìghtìy greaten than the height of the orifice

pìate just downstream of the orifice (at x/xq = 0.1), and the data

f or the two cases coì 'l apse f a'i nly weì 1 on a si ngì e cu nve agaì nst

st reatnwi se di stance nonnal i zed w1th the neattachment ì ength .

As X increases beyond X¡, the velocity pnofiles develop two poìnts

of inflexion; this can be clearly seen in those for X = I.52

to 4.18. In this region the mass flow distribution is dìspìaced

towards the pipe centreljne as compared wjth that of an undisturbed

flow velocity profì1e, as shown in Figures 5.21(a) and (b) for the

e
1.e.
from

cl ose to
the pi pe
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fìow Do = 0.76, Dc = 0.86. ltttote: the mass f]ow rate prof i.ìes are

at slightìy different streamwìse d'istances fronl those of velocity

profìIes.] As X is furtherincreased, the inflexional character

becomes less manked;'it ìs still perceptìble at X = 8.38 but not at

X = 12.45. At this stage, the velocity profile has become very fìat

and the mass flow djstrjbut'ion is now d'ispìaced toward the pipe

wall (refer again to Figure 5.21). Ì,J'ith yet furtherincreases ìn X,

the profììes approach the undisturbed profile. The final stage

involves the redistribution of mass flow back towads the pipe centne-

'lìne, wh1ch seems to be essent'iaììy complete at X = 48. The variation

in mass flow distribution with X follows the changes'in direction of

the radial centnifugal fonce to which the flu'id is subjected as a

resul t of reversal 'in streaml'ine curvature between poì nts upstrearn

and downstream of the neattachment points.

Profiles of rnass flow rate per un'it area shown in Figure 5.21(a) are

pU profiles non-dimensional'ised by the centreline value of ooUo.

The total mass f I ow rate at a gi ven streamwi se 'ìocat.i on i s gì ven
a

bv 2nl.- pU n dr; pUr profiles (non-dìmensional'ised by p0U0u,
0

for the fìow Do = 0.76, D. = 0.86 are shown 'in Figure 5.21(b).

The total (net) mass flow rate, obtained from the areas under these

curves is essentiaììy the same at all stat'ions throughout the pìpe,

as ìt should be.

The development of the free jet shear layer in the sepanated fìow

region (zone 3) downstream of the orifice and the recovery of the

attached fìow to the fuììy developed state (zones 4 and 5) are also

quite clearly shown by the streamwise variation of the displacement

th'ickness ô *, mornentum thi ckness 0 and shape f actor H of the f orward

fìow. In this case ô* and 0 are appropriateìy defined by the

rel ati ons
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ô*

R^/R U U

l''o''',t 
- qlþ [otil

R

R
0

R

R
0

0

R

Ro /R U

U
0

(1 -
rr

)n d(ñ)t
0R

t (5.23)

(5.24)

(5.25)

and

H = ô*/e t

where R^ 'is the nadì us i n the separatecl-f ì ow regi on at whi ch the
0

mean flow velocìty ìs zero and beyong which the flow is in the

reverse directjon. In the recovery negìon X > Xn, where thene is no

reverse flow, Ro = R. Values of these parametersare shown in Figures

5.22(a), (b) and (c). ô* and e both have snlaì I values in the

nearìy unìform flow through the orifice at X = 0. They both incnease

f a'irly 1ì nearìy with X, over the separated-f low reg'ion, reachì ng

a maximum at about X = 4.2, then decrease to a mi ni lnur¡ at about

X = 13.4 where the mean velocity profile'is very fìat over a sub-

stantial part of the pipe nadìus, and finally n'ise sìow'ly towands

the fuì1y-deveìoped-flow values wh'ich are reached at X > 48.

The shape factor r.ises from about 1.7 at X = 0 to a rnaxjmum of 2.4

near re-attachment, then rapidìy drops off reaching a value of 1.34

typical of undisturbed flow at X - 6; thereafter it rerna'ins very

near'ly constant at thi s val ue.

The progress towarcls a re-estabìished equiììbrium state can also

be followed in the vanjatjon of the Clausen parameter G, given

by

$æ
Q = u (Uo-U )2 dy /\2ô )/ U (Uo-U )dyluro )

00

2
)

C¡
L/2 (H-t )/n, (5 .26 )
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which g'ives a measure of the departure of a turbulent bortndary ìayer

from equì I i brj um ( see al so Bradshaw and Wong , 1972) .

Calcuìatecl values of G (basecl on C¡ obtained frorn the surface fence

gauge resuì ts ) are shown i n Fi gure 5.23. G ni ses to 'large va'lues

near reattachment (at X = X¡, C¡ = 0) ancl then shar"ply decreases to

a rnìnimum in the recovery negion (zone 4) at X - 13. It then rises

slowìy to the constant equìlibriurn value typical of the undisturbed

fìow, reaching 'it at X - 48 (x/h - 37U).

The precedìng results describe the genera'l characten of the flow

before and after disturbance and of its subsequent recovery to an

equi'librium fuì1y-deveìo¡led state. Some consideration wi I I now be

gìven to the forms of s'im1larity exhibited by the mean velocity

profi ì es.

The appì i cab'il'ity to the separat'ing, separated and reattachì ng two-

djmens'i onal tunbul ent boundany ì ayer of the wel l -establ i shed

'logar"i thmi c f orrn of the I aw of the waì 1 ,

IU/U = U' ='T
1 Iln Y' + B (5.27 )
K

(where Y+ = yUr/v), of extensions to 'it such as the Coles (1956) law-

of -the-wa.l I / I aw-of -the-wake f ormul at i on ,

1 I
K

tlJ* ln Y+ + B + w(y/ôc) (5 .28 )
K

and of alternative forrns such as the sirn'ilarìty relations pro¡rosed

by Perry and Schofield (1973) has been fairìy extens'ively ìnvestigated

and reported. Because of the generaì sirn'i larities between trrrbu.lent

boundary 'layer flow and fulìy-deve'loped turbulent pipe f'low, 'it

woul d not be too su rprì s'ing 'i f some of the characteristi cs of

separating and reattachìng boundary lavers wene also found jn the

correspondì ng pì pe f 'lows 
.
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Stratford (1959), Simpson, Strickland and Barr (1977 ), and Schofie'ld

(1983 ) have shown f or the'i r two d'imens'i onal f I ows that as the tu rbul ent

boundary 'layer approaches separation the extent of the ìogarìthmic

regi on graduaì'ly decreases; the work of Simpson, Chew and Sh'ivapnasad

(198i) shows that at the streamw'ise position where jnternlittent

sepa rati on i s fi rst observed a I ogarì thmì c negi on no ì onger exì sts .

Followìng reattachment a loganithmic regÍon is re-estab.lished and

jncreases w'ith distance downstream (Bradshaw and Wong, 1972, and

Schofje'ld, 1983).

Mean veìocity profi les of the separated, neattachìng and recoverìng

f I ow (zones 3 and 4) 'in the present turbul ent p'ipe f 'low 
wì th

Do = 0 .76 and Dç = 0.86 are shown on C I auser p'lots (U/Uo agai nst

1ogt0(yus/v) together with lines of constant Ur/Uo corresponding to

ìogarithrnìc wall simìlarity) in Fìgunes 5.24(a), (b) and (c). The

same data in terms of U+ and v* coordinates are shown ìn F'igures

5.25(a) and (b) and corresponding resuìts fon Do = 0.76, D. = 0.39,

in Fìgure 5 .26(a) and (b). Valtles of U. used i n the prof ì ìe

comparison are those based on fence gauge measurernents, shown in

Fìgures 5.16 and 5.17.

If the fence-gauge data for Ur/Uo are accepted, thett, as might be

expected, for the separated flor^r (X < i.3) there is a considerable

m'ismatch between the profiles on the Clauser pìot and the logarithmjc

wall sirn'ilarity line wh'ich wotlld correspond to the measured Ur/Us

va'lue, Sì nce the I atte¡is characteri st'ic of the wal I stress 'in

the reversed flow. In the sepanated flow and jmmed'iateìy downstream

of reattachrnent, there are not enough data points to al ìow a def in'ite

statement about the exjstence of a logarìthmic regìon to be made.

However, for X > 16 a ìogarìthrnjc regìon is clearly evjdent, and the
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general form of the clevelopment of the the profiles is consistent

with the existence of a logarithmic negion at least for X values

greater than about 4.

Just after reattachrnent a 'large wake component is observed; jt

becomes less dominant as the flow progresses downstream, be'ing stiìl

present at X = 5.28 but not at X > 8.38. The doubly ìnflex1onal

character of the veloc'ity profiles referred to ear"'lier (p.182) in

discussion of Figune 5.19 now appears as a dip below the logarithmic

line at all strearnw'ise locations, X < 5.28. For B.3B < X < 16.52

the prof i Ies lie comp.lete'ly below the log 'line; and for X > 31.4

they have rega'ined the srnal I wake component typ'ica'l of ful ìy-

developed equìlibrium flow. Similar dips have been observed by

Bradshaw and Wong (1972) and by Kìm, Kline and Johnston (198U),

in two-dimensjonal flows. The dip ìndìcates that the flow js

not ìn local equìlibrjum and that the local wall-shear veìocìty,

U,, used as the inner velocity sca'le, is not the propen scale

over the whole flow cross-sectcion. Bradshaw and Wong poìnt out

that, since the gradient of the total shear stress at/ay ìs positive

near the wall jn the reattachment region, the locaì equiìibrium fonmuìa

of Townsend ( 1961 ),

a u (r /o)L/2 (5 .2e )

ây Ky

would predìct a velocity gradient even hìgher than would the corres-

pondìng fonmula based on the ìogarithmjc value (twlp)r/2 /Ky, rather

than the lower value observed experìnrentalìy on the wall side of the

dip. They concluded that the'length scale ìn this region js not Ky,

but one 'incneasi ng more rap'idly wi th y. Thi s was conf i rrned by Ëaton

and Johnston (1980) frorn their measurements downstreanr of a backward

f aci ng step: they f ound the mi xi ng 'length i n the regi on y/0 < 0.2

to be much larger than Ky.
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This is attributable to the lange scale'inrposed on the flow close to

the wall by the approach to the wall in the reattachment process of

the large eddìes of the free separated shear ìayer. This form of

scale variation seems to be the reason for both the dip be'ìow the

log-ìaw and also the disappearance of the wake component from the

velocity profìles at B.3B < X < 16.52.

5.8.1 Veìoci ty prof i I es i n the Regi on of Adverse Pnessune Gnadient

Downstream of Reattachment (1.5 < x < 6)

As d'iscussed ear'lielin th'is section, 'it js known that the

'logarithmic law is valid in a turbulent boundary'layen

approach'ing separat'ion and that the the'logarithmic regìon

gradua'l'ly decneases i n extent and has di sappeared at separatì on.

Stratford (1959) reported measurernents jn a two-dimensional

turbul ent boundar y l ayer i n a state of i nci pi ent separati on,

wìth a vel oci ty prof ì I e not contai nì ng a 'logarithrni c reg'ion

but hav'ing a hal f -power I aw of the f orm

U = const (uy)r rz + const (crv )t u 3 (5.30 )

whe re

(5 .31 )

The form of this vejocity profi le, and djffìculties associated

with both innen-layer velocìty distribut'ions based on [J. and

vel oci ty-def ect rel at'ions of the f onn

U^-U: = 6(y/o) (5.32)
UT

in turbulent boundary 'layers ìn adverse pressure gradìents

appnoachìng separatjon, whene U. + 0, suggest that U, is not

an approprìate velocìty scale fon separatìng and separated

ìayers; and this not'ion was subsequently accepted by a number

I dP
cl= pdx
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of investìgators. One formulation based on an alternatjve

ìength scale, which g'ives a good descn'ipt'ion of a cons'iderable

body of experìmental data, is that of Penry and Schofield

( 1973) who proposed uni versal empì rì ca'l correl ati ons for the

innen and outer regions of adverse-pressure-gradient boundary

ì ayers near separatì on. Thei r correl atj ons apply to al 'l

types of such ìayens, whethen they are ìn equil'ibrium on not,

but are limited to cases where t¡/r¡¡ > 1.5. The velocity

scale used is Um = /116, based on the maximum shear stress

rm, rather than the wall scaìe U, -- /ry¡/0. The correlation,

which describes the outen 90% of the mean velocity profì1e

(outs'ide the law-of-the-walì region), is g'iven by

uo-u
1 - 0.4(y/¡)t/z 0.6 . ,\ty

Sl n (-'^ (5 .33 )

(5 .34 )

(5 .35 )

U5

whe re

U5

^

= 8.0(A /L)Irz¡¡^,

= 2.86ô* (Uo/U5) t

and L'is the distance fnom the wall at whìch the maxìmum

shean stress occurs.

Near the waì.l, the equat'ion takes the fonm (see Perry and

Schofì e1 d, 1973)

¡usus
- = 0.47(-)3/2(y¡6*)t/z + 1 - - . (5.36)uo 'uo' uo

I^lhi I st the wi dest appì i cati on of the Penry and Schof i el d

cornelat'ion has so far been to sepanating and separated

two-dimens'ional boundary ìayens in adverse pressure gradients,

here its appìicabilìty to the separated and reattaching

pipe f'low jn the adverse-pressure-gradient regìon
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extend'ing fnom X = 0 to X' 6 downstream of the orjfice

p'late w'i I I be exami ned.

The velocity ratio U5/tJs 'is determ'ined by pìottìng the mean

veloc'ity prof i le on the coordinates U/Uo versus (y/O*)r/2 ,

and comparìng ìt with the famiìy of straight lines gìven by

equation (5.36), fon varìous constant values of U5/lJs, in a

simìlar way to the determ'inat'ion of Ur/U6 frorn a C'larrser

pì ot. For the mean vel oci ty prof ì 
.les 

i n the rever"sed-f I ow

regìon, the distance y is measured fnom the zero-veìocity

po'int in the ìayer. Velocìty profiles'in this forrn, for the

fìow Do = 0.76, Dc = 0.86, are shown'in Figures 5.27(a)

and (b).

For snral'l X, that is just after sepanation, the avai ìable

data poìnts do not define the profile well oven the y vaìues

where a half-power dependence mìght be expected. However, as

the reattachment region ìs approached (X +- 1.5) a half-power

regi on becomes 'identi f i abl e and i ts extent becornes greater as

X i ncreases. The expectatj on based on equatì on (5.33) woul d

be that at separat'ion on reattachrnent U5/Us woul d approach

1.0 as U, + 0, and that the 'logarìthrnic negìon would disappear

and the ha.l f -power regì on extend to the wal I (Si nrpson ,

Stri ckl and and Bar, L977 and Schofì eì d, 1983 ) . The present

pr"ofiles do not show a half-power dependence down to the wall

j n the vi ci n'i ty of reattachment , owi ng , presumabì y , to the

f act that the approach to sepanation or realtachment ìrnp'lìed

by equation (5.33) is different fnom that associated with the

'intermitent flow revensal in the reaì flow.

The variation of the velocìty ratio U5/Ug with X is shown in

Figune 5.28. Schofield (1983) has concluded that the va'lue
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of U5/Us characterìsìng separation and detachment of a two-

dirnensional turbulent boundary layer^ is about 1.18, rather

than the value 1.0'indicated by equat'ion (5.33); the value

obta.ined here for pì pe f low appears Io Lre rather ì ess,

namemìy 1.03.

Mean veìocity profiles for the entire layen beyond the zero-

velocity ìine ane shown in defect forrn as (Uo-U)/US versus

tlt for X < 5.4'in F'igunes 5.29(a) and (ri) for two flow

conclitions. Perry and Schofield's correlat.ion, equation

(5.33), is also shown. A good coì1apse of the data for both

the flow speeds is obta'inecl and equation (5.33) gives a fa'i r

representation of them 'in both the sepanated and reattaching

f 'low negì ons. The present wonk theref ore i nd'icates that

distunbed turbulent pipe flows also exhibit similarity of the

type proposed by Perry and Schof i eì d f or tvro-dì ¡nens i ona ì

fl ows.

5.8.2 Back Fl ow Mean Vel ocit Profi I es

0n the basis of his laser anemometer measurements ìn the back-

flow regìon of a separating two-d'imensional turbulent boundary

ìayen, Simpson (1983) concìudes that the mean backflow region

consists of a viscous walì 1ayer, an ovenìap region between

the v'iscous and outer reg'ions and the outen backf I ow regi on.

He showed that a good colìapse of mean-velocity data ìs

obtai ned (part'icuì arìy f or y /N < 1) when U and y are norrnal j sed

by the magnìtude of the maximum negative tnean velocity lUrul

and its distance from the wall N, respectìveìy. For

0 .02 < y/N < 1 , S'impson p roposes the rel at i on

U

lr-l
I
N

nA v
N

where A = 0.3.

- r) 1 (5 .37 )
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Schofield (1983) suggests that the distance from the wal'l to

the maximum backflow velocity js a length scale related more

to the wall regìon than to the backflow as a whoìe; he

therefore pnoposes that a better length scale is the total

backflow thi ckness , D.

Backf I ow vel oc'ity prof ì I es i n terms of S'impsons 's correl ati on

parameters for the flows Do = 0.76, Dc = 0.86 and 0.39 are

shown jn Figure 5.30(a). [Simpson's re]ation, equation (5.37),

is also shown.l Thene ìs a fair collapse of the data, despìte

the fact that confidence in pitot tube measurements in reversed

fìow may not be very high. However, agreement between

equation (5.37) and the expenimental data js poor'. A better

co'lìapse of the data is obta'ined, when y 'is non-djmensionalised

by D (Fjgure 5.30(b)), as suggested by Schofield; but agaìn,

there is not good agreement between the pipe-f'low data and

the two-dimensional results.

5.9 Streamwi se Turbulence Intensitv

Measurements of streamwise turbulence intensity, expressed in terms

of the local centre-line mean velocity as u'/Uo = lG/Uer wêFÊ môdê

w j th a cal ì brated, s'i ngl e-w'i re, hot-wi re anemometer.

A preìiminany measurement on the pipe centre-line'in undìsturbed

pi pe-f ì ow, 'i n the absence of an ori f i ce p] ate, gave a val ue there of

2.72%, ìn good agreement with the 2.63% indìcated by the data of

Laufer (1954).

Radial distibutions of u'lUs for the flow Do = 0.72, Dc = 0.39, with

a Reynolds number based on pipe dìameter of 1.5 " 10s, for various

streamw'ise distances'in the range -8.27 < X < 87.51, ane shown in

Figure 5.31. Upstream of the orifice, the dìstributìon of u'lUe'is

s'im'il ar to that of the und'istunbed f I ow.
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Variation with X of the maximum tunbulence jntens'ity u'max/Uo

at a given cross-section and turbulence intensìty at the

pipe centre-l'ine, uf/Uo is shown ìn Figure 5.32. Downstream

of the orìfice ui/Uo jncreases with X to a maximum value at X - 4.1

and then drops off, at fjrst rapìdlY, uP to X.10, and then more

sìowly.

The maximum value of u'¡¡¿¡/Us occurs al y/a = 0.18, X - 1.2, just

upstream of reattachment; ìn the reattachment region the peak moves

sìightly away from the wall towards the pipe centre-ljne (Figure 5.31).

The h'ighest value measured is about 557", rather hìgher than the 447"

observed downstream an orìfjce plate wjth D0 = 0.25 (Reynolds number

104 - 10s) by Dyban and Epìk (1970). However, both these values are

consi derabìy hì ghen than the max'imum val ues genera'l ly observed i n

two-dimensional flows, ê.g. 20.5% by Eaton and Johnston (1980) in

flow over a backward-facing step, and 19.5% by Symth (1979) for

turbulent flow over a plane symmetric sudden expansion (although

these values are referred to the mean flow velocìty upstream of the

discontinuity and would be higher in terms of local mean velocìty).

It should be noted that'in the separated flow, owing to the hìgh

turbulence intensity and also curvature of the streamlines, the

results may be subiect to large errors, particularly once the

local turbulence intensity exceeds about 25% (Chandrsuda and

Bradshaw (1981)). Kim, Kline and Johnston (1980) est'imate the

uncertainties in u' to be less than 10% ln the region where r'luo

is less than 0.2 and about 20%where r'/Uo is about 0.4.
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At X - 48, the di stributi on of u'/Uo has reverted to a forrn

nearly the same as that for the undìsturbed flow.

5.10 Probab'ility Di strì buti on of LJal I Shear Stress F'luctuati ons

Probabil'ity distnibutions of the'instantaneous wall shear stress in

the separated-flow regìon, close to the rnean reattachntent posit'ion

and further downstream for the flow Do = 0.76, Dc = 0.86 have been

obtained from sunface fence gauge measurements. Fon this pttrp0se,

25,600 sampìes were collected oven a total time of 300 seconds at

X = 0.83, 1.31, I.79, 8.27 and 2l .57 and also at X = 0 for the case

of undisturbed flow.

The probabìl'ity distrìbution curves for X = 1.31 (- XH),0.83 and

1.79 are shown 'in Figure 5.33. Vaniations irì tç nìêâSured by the fence

gauge are equìvalent to maximum excursions of xp about the mean

positìon of about ! 0.2d wjth a standard deviation of about 0.07d.

The pr"obabiìity dìstrjbution is neanìy Gauss'ian. Measurements with

a laser anemometer by Sìmpson (1976) ìn a two-dirnens.ional separating

boundary layer show that velocities very close to the waìì, 'in the

region of backflow, also approximately follow the Gaussian djstribut'ion.

Eaton and Johnston (198U) used a pulsed-wire probe ìn the separated-

fìow reg'ion to measune the pnobabì1ity dìstributìon of the veloc'ity

close to the wall (which a'lso represents the wall shear Stress) and

theìr measurements also show it to be symmetrìc near the mean neattach-

ment point; but downstreant and upstrearn of reattachrnent poìnt the

distribut'ions are skewed 'in the positive and negat jve d'i rect'ions

nespectìveìy. The present rneasuretnentS show that the wa'll shear

stress distribution in the separated-flow region and also some

di stance downstream of reattachtnent i s syrnmetrì c. The probabì 'l'ity

distributions at X = 8.27 and 27.57 are skewed in the same direction

as that for und'isturbed flow measured at X = U (corrpane l--ìgunes 5.33

and 5.34) - as expected, since jn th'is reg'ion the flow is asytnpto-

tically approaching a fuì ìy-recovered undisturbed state.
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5.1U Summary of Resu'ìts and Conclus'ions

Mean flow characteristics in the ful ìy-deve'loped turbu lent ¡r'ipe-

fìow approaching an orifice plate, in the regjon of separated flow

and in the f.ìow dclwnstrearn of reattachment up to and beyond distances

at which an undisturbed fully deveìoped pipe flow negìme is again

estabì'ished, have been studied for a wide range of orifjce sizes

characterised by Do. It has been shown that the overall flow

charactenìstics can be specifìed by an 'in'it'ial Mach nunrber 14f in the

undisturbed flovr appnoaching the orifìce and the non-dìmens'ional

mass fIot,l rate parameter J. The experirnental resu-lts obtained can

be summari sed as fol I ows.

(1) The mean posìt'ions of reattachntent and separation points,

expressed in terms of p'ipe dìameters as X¡, XSI and X52 or

ìn terms of the radial heìght of the orifice as x¡/lt, x51/h and

xs2/h are functìons of orifjce sjze Do and the Reynolds number,

Re. Over the small Reynoìds number range stud'ied, xp/h, x51/h

and x52/h appear to be unìque functions of Reynoìds number, Re¡,

based on the radial height of the orifice h. The reattachment

length decneases from about I?h to about th as Re¡ ìncreases

from 3 x 10a to 7 x 104.

(2) Mean static pnessure djstrjbutjons in the sepanated-flow and

reattachment negìons downstream of the orifìce are fairly

closely s'imìlar fon all orifices in the form of a pressllre

coefficient CO = (P-Prni¡)/(Pmax-Pnlin) as a funct'ion of the

strearnwi se coondi nate non-dirnens'ional i sed by the reattachinent

length, x/x¡, except for slight dependence on orifice sìze Do

in the region 1.3 < x/xR < 3.6.
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(3) Clauser chart, Preston tube and surface fence measurements

give consistent waìl shear stress results 'in the region

X > 16.5. In the regìon 2 < X < 16.5, the Preston tube and [he

fence gauye stil I give fairìy consistent values.

(4) Downstream of reattachment, the waì'ì shear stress increases to

a maxirnum value at about X * 7.7 and then falls off to a value

typ'ical of the undìsturbed flow at x - 30. Its recovery to the

undi sturbed-fl ow val ue i s therefone not monotonì c.

(5) The wal I shear stness has si gni fi cant negati ve val ues i n the

separated-flow regions both upstrearn and downstneam of the

orì fj ce pì ate.

(6) In the separated-f I ow regi on the central f orland-f .lorv portì ons

of the mean vel oci ty prof ì 'l es exhi bit a regì on where U vari es

as yt /2 . tletween the central f orward f low and the v¡a'l'l there

ìs a regìon of backflow with a rnaxìmum backflow veìocìty of ?6%

of the centre line value. The two reg'ions are separated by a

lìne of zero velocìty the shape of which scales on'the reattacn-

ment length xq. The locus of the position of rnaximurn reverse

velocity scaìes in a sirniìar way. In the backflow reg'ion, mean

veloc'ity scaìes roughly on the maximum neverse velocity U¡ ancl

its d'istance N from the walì, but a better coììapse of the data

i s obta'ined vrhen the di stance N i s repì aced by the total th j ck-

ness of the backflow D.

(7 ) Downstream of reattachment the rnean ve.loc'ity prof il es have both

a logarithmic negion and a half-power reg'ion. The extent of the

ìogarithmic reg'ion ìncreases with incneasing X. Away fnom the

wall the profile dips below the ljne of ìogarithmic simìlanìty,

indicatjng that the flow is not in local equiìibrium and that

the local wall shear velocity is not the proper velocity scale

throughout the layer.
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(8) In the regìon of adverse pressure gradient (the separaterl

and reattachìng flow downstneam of the orifìce), Perry and

Schofield's velocìty-defect correlation for two-cl.irnensional

f I ows, whi ch ut j ì j zes 'length and vel oc'ity scal es based on the

maxi rnum shear stress ( rather than the wa1 I shear stress ) ,

appears to be appì'icabl e.

(9) The large wake cornponent present in the mean velocity profììe

at reattachment becomes less dominant further downstream

and at X = 8.38 no wake component is evident. A smal.l wake

component then deve'lops as equìlìbrium flor^r'is again appnoached.

(10 ) The streamwi se devel opment of d'ispì acement th'ickness 6 *, momentum

thickness e, H = ô*/e and the C'lauser pararneter G suggest that

the recovery process which begìns at the end of the reattachment

region is quite slow and that the flow only reaches equ'ilibn'ium

again after about 48 pipe diameters.

(11) The probabif ity density d'istributjon of wall shean stress ìn

the separated-flow region and reattachment zone appears to be

symmetric, and can be closely approx'imated by a Gaussìan

di stri buti on. Further downstream the di stri buti on becornes

skewed and approaches the skewed djstnibution typìcaì of un-

disturbed flow.
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CHAPTER 6

h¡ALL PRESSURE FLUCTUATIONS

6.1 Introduction

Measurernents of the powen spectral density and nrns value of the

wall pressure fluctuations'in the initial'ìy undistunbed f'low, the

separation and reattachment regions, and in the re-established fully-

developed fìow in the pìpe have been made at various flow speeds and

orifice sizes. They cover the frequency range of 20-2'J,00U Hz,

streamwise distances -12.9 < X < 84.5, orìf ice p'lates sizes

0.62< Do a 0.83, and flow speeds corresponding to choke sizes

0.58 < Dc < 0.86 as shown in Figure 6.1. In dirnensional form, the

power spectraì density ìs expressed throughout as qO(f) the mean square

pnessure per un'it frequency bandwidth (Pa2/Hz); so that the mean

square pressure !r, is gìven by

æ

)2 =f = { ,otf ) dr. (6.1 )

The data are also presented in the fonn of the non-d'irnens'ional

power spectral dens'ity, op = O p(r)Ut/rfra (where 0p(,,r) = ôp(f )/2n)

as a function of Strouhal number fì = oa/UI, where ql = L/2 orUl,

(¡ is the c'ircular (radian) fnequency, and U1 and o, are the mean

flow velocity and fluid density on the pipe centreline at the ref-

erence posit'ion, X = -3.8. 0ther forms of scaling are then'introduced

as requi red.

6.2 OVERALL ROOT MEAN SQUARE hJALL PRESSURI FLUCTUATION

The cornbjnations of orifìce pìate and choke for which overall rms

wall pressure fluctuation have been made are given in Table 6.1.

p
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TABLE 6.1

RANGE OF ME REME NTS

Dc 0.83

0.58

0.72

0.80

0 .86

Measurements were made at stneamwise intervals ¡X less than 0.2 ìn

the separated-flow reg'ion, but at ìarger intervals (greater than 1.U)

in other zones of the flow. To check the circumferential uniform'ity

of the wall pressure fieìd, measurements wene always made at four

cì rcumferential pos'itions (90" apart); at a.ll X, Op was found to be

ì ndependent of the ci rcurnf erent'ial positi on (wi thi n 0.5 dB) .

Figune 6.2 shows typicaì sets of resuìts in various flow zones.

All the data presented are those obtained from a Bruel and Kjaer 1/4"

mi cnophone.

Varj ati on of p' /c\ wi th streamw'ise di stance X f or one ori f i ce pì ate,

Do = 0.J6, and flow speeds given by chokes Dç = 0.58, 0.72 and 0.86

is shown ìn Figure 6.3, whìle Figure 6.4 shows l¡'lqI variation with X

for the orifice plates, Do = 0.62-0.83 and fìow speed correspond'ing to

one choke, D. = 0.86. As would be expected, the lower the Do of the

orifice plate, the mone intense is the acoustic an0 turbulence field

downstrearn, and the hì gher p'/QI .

D
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For D. = 0.72, the maximum of p'/ql occurs in the range of X

between 1.17 and I.24 for the various flow rates, just upstream of

the mean positìon of the re-attachment poìnt indicated by the fence

gauge measurements. Previous measurements of wal'l pressure fluc-

tuatìons in separated f'low, summarized by Mabey (1971), generaììy

indicate the occurrence of a maximum value of p'/go some distance

upstneam of ne-attachment (where qo is based on a free stream veloc'ity);

and on average th'is max'imum value occurs at a distance downstream

of the separatìon point of about 0.84 times the stneamwise'length

of the separation bubble. A similar value, x/x¡ - 0.9 was found

by Fricke (1971) for the separation of a turbulent boundary layer

produced by a surface fence. Lines for X = XR and X = 0.91 Xp on

Figures 6.4 and 6.5 show that for the present data the locat'ion of

the maximum p'lq1 is close to x/xR = 0.91 for all flow conditions

'i n vest'i gated .

At flow speed Dc = 0.86, M1 = 0.34 (Figure 6.4) the maxirnum value of

p'/qt observed here varies from 0.45 to 0.13 as Do varjes from 0.62 to

0.83, while fon Do = 0.76 for flow speeds Dc = 0.58-0.86 (Mt = 0.21-0.34)

(Figure 6.3) it is - 0.20. These values appear to be considerabìy

higher than those given by Mabey (< 0.1), but would be neduced to

p'/go = 0.04 to 0.05 if p'were non-dimensìonalised by go based on

local centrel'ine flow velocìty nather than q1. 0n the other hand,

Bulì and Norton (1981) obtained a maxjmum value of p'lgo for a 90o

mitred bend of 0.33, based on Qo at X = 52.8, whjch would be equ'ivalent

to an even higher value based on qI.

p'/ql values for the same orifice-plate/choke combjnations as in

Fi gures 6.3 and 6.4 are shown i n F'igunes 6.5 and 6.6 for ì arger

values of X. It will be noted that p'/qy continues to decrease at

a constant rate of - 0.9 dB/metre even after ful'ly-developed flow has

been ne-established after about 48 diameters downstream of the onifice.
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Norton (1981), for a 90 nritred band in the same

and 52, lead to a similar attenuation rate.

The excess of the measured p'values at ìange X, where the effects

of the disturbance on the flow jtself have died out, over those of

undi sturbed pi pe f 1ow 'is 'interpneted as bei ng due to an i nternal

propagatìng sound field, generated by the distunbance and radiated

away from it, superìrnposed on the now re-establjshed pìpe fìow.

Thi s 'is 'in accord wi th f ì ndi ngs of earl i er i nvesti gatì ons of the

effects of strong dìsturbances, e.g. that of Bull and llorton (1981)

of the flow downstream of a m'itred bend.

In the reg'ion of f low separation downstrearn of the orjfice pìate,

where pressure fluctuation levels ane very high, the pressure levels

m'ight be expected to be nelated to the maximum values of dynamìc

pressure'in the mean flow at the vena contracta of the separated

iet, g¿ = l/2o¿u2, (where p¿ and U¿ are respectively the fluid

densi ty and vel ocìty at thì s poì nt ) . Fi gures 6.3 ancl 6.4 al so

suggest that the varjation of p' in this region depends on the re-

attachment ìength x¡ rather than the p'ipe dìameter. In fact, a

co'llapse of al l data presented 'in Figures 6.3 and 6.4 for this region

'is obtained'in the forrn of p'lqJ as a function of x/xB (Figure

6.e(b)).

It will be seen later that the wall pressure fluctuations at ìarge

distances upstream and downstream of the orifìce are predominantìy

acoustic, with a relatìvely ìow level tunbulence pressure contribution.

In these reg'ions the acoustic compon"n¡ Rå., obtaìned by subtracting

the hydrodynamic component frorn the total according to the relation

p
ac

lp'2 (cqo)2 )r / 2 (6.'.¿)
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(where c is the value of p'lgo corresponding to undjsturbed pipe

flow, typicaììy 0.006), might a'lso be expected to depend on q
J

Vaìues of p' /q- at the upstream positions X = -0.83 and -8.96 are
acJ

pìotted as a function of the max'imum jet Mach numben M¿ ìn Fìgure

6.7, wh'ich jndicates that th'is relationship'is independent of both

D6 and Do. For the most part (with the obvious except'ion of results

for Do = 0.76, Dc = 0.58) P'/9, appears to be'inversely proportional

to M¿. The variation of (R'lCr)M, with X js shown'in Figure 6.9(a),

and this parameter appeans to correlate the data quìte well.

p' /q- values at X = 83.0 are shown as a function of M¿ 'in FigureacJ
6.8. In thjs downstr"eam region the values depend on both Do and D.

in add'itìon to M¿. Results for a gìven onifice (Do = 0.76) show a

weak dependence on M¡, nameìy MJ0'3. 0n the othen hand, for a g'iven

choke (Dc = 0.72) the values are strongly dependent on orifice size,

varying inverse'ly as D[. The data of Figure 6.8 therefore suggest

that p'./g, varìes as M.¡0'3/Dl. The combination (o'./cr)DT/MJ0'3

appears to give a good conrelation of data at all downstream positions

X:4 (Fisune6.e(c)).

Figure 6.9 is therefore a composite p'lot which gives the variatìon

of rms pressure throughout the flow. 0veral'l p' values can be

obtained from the p'. data by supplementjng them w'ith undisturbed

flow turbulence pnessures in accord with equation (6.2).

6.3 WALL PRESSURE SPECTRA

The power spectraì density Op of the wall pressure fluctuat'ions

has been measuned upstream and downstream of the orifice pìates for

the combinations of orifice size and choke size, in the ranges

Do = 0.62-0.83 and Dc = 0.58-0.86, shown in Tabl e 6.2. Measurements

have been made d'ir^ectly by using the Hewlett Packard spectrum analysen,
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TABLE 6

SPECTRAL MIASUREMENT COMBI NATION

0.83
Dc

u.58

0.72

0.80

0.86

and also by dìgitization and Fast Fourien Transformatìon of ana'logue

pressure signaìs recorded on a RACAL tape recorder. The overaìì

bandwidth (span) of measurements'is limited to 2b kHz in the

f onrnen method and 10 kHz 'in the I atter. A constant bandwi dth of

100 Hz (wìth frequency span of 25 kïz) ìs obtained wjth the Hewlett

Packard spectrum ana'lyser. Digi tì zi ng the tape recorded si gnal

gives a resolut'ion bandwidth of 2.4 Hz, and sixteen such frequency

bands we re comb j ned to g'i ve a constant tota'l bandw'i dth of 39 Hz

wìth a conrespond'ing normaìised rando¡n error of r0%. The pressure

senson was a Bruel and Kjaer I/4" nicrophone throughout.

The measuring nange covers -22.7 < X < 102, the measuring poìnts

being closest together in the separated reg'ion. For presentation

of results the whole fìow regìon'is divìded into four parts:

i ) separated fl ow negì on ( zone 3) ;

i i ) recovery regi on ( zone 4) ;

iiì) beyond X = 48, where the fully developed f'low is re-

established (zone 5); and

iv) upstream of the orifjce plate (zones I and 2).

2

/
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6.3.1 Separated F'low Regì on 0.78 < X < 1.3 (Zone 3)

The closest po'int to the downstream face of the orifice

p1ate, at wh'ich measurements can be made, is X = 0.78;

therefore 0p could not be measured at or upstrearn of the

secondary sepanation po'int (refer to Fjgure 5.1, genenal

fl ow pi cture) .

The pressure f I uctuati ons have a bnoad spectrum w'ith shar¡r

peaks at frequencies corresponding to the cut-off frequencìes

of higher onder acoustic modes in the pipe, wh'ich are marked

on the various fìgures. The peaks can be fairly clearìy

'ident'ified with the modal cut-off frequencìes even though

they are generaììy not more than about zdll higher than the

basic spectraì level .

The variation of the pressure spectrum with downstream

dìstance X jn the separated fìow region, for a gìven orifìce

and flow rate Do = 0.76 and D. = 0.86, ìs shown in Figune 6.10.

It 'is clear f rom thi s f Í gure that the spectra'l .leve I of

pressure fluctuations in the separated-flow reg'ion js con-

siderabìy hìghen than that for the no-orìfìce case, in

accord wi th the 'large i ncrease 'in p' over that f or und isturbed

flow. As we have seen'in Sectjon 6.1, p' is a maxirnum just

upstream of re-attachment, and it js evident from Fìgure

6.10 that this is associated with the rise in op in the low

frequency region up to st = 10, as X increases fnonl 0.78 to

1.30; there 'is not rnuch change i n o O for 0 >10.

Fìgure 6.11 shows the effect of flow rate on the spectrunr

for a given onifice (Do = 0.76) at each of the two posit'ions

X = 1.U3 and 1.30. In each case data are shown for
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the fìow rates corresponcting to Dc = 0.72, O.80 and 0.86.

The spectra are very s'imìlar at the two locatìons, and the

effect of increasing fìow nate ìs a small decrease in o at

1ow frequenc'ies (c¿ 
_< 

7) and a sma1l ìncnease at h'igh

frequencies (o > 7).

The effect of orifice s'ize for a given choke (Dc = 0.8b) at

the same two streamwise positions'is shown in F'igure 6.12.

Al I the spectra of F'igures 6.11 and 6.12 are

Figure 6.13 in the form 6 p(ur )U, /92ra v. oa/Ur,

the p' scaling for this regìon found in Section 6-2. At

both posì tì ons thi s appears to be a val'id f orrn of scal ì ng.

6 2 Flow Recovery Reqion Downstream of reattachment 1.3 < X < 50

(Zone 4)

This regìon extends from iust downstream of reattachment

to the region where the mean flow velocity profile has

reverted to the undisturbed state. Agaìn, measuretnents are

presented showing varìation w'ith x for a given orjfice and

choke (Do = 0.76, Dc = 0.86), Fìeures 6.14(a) and (o)' for

a gìven orifìce (Do = 0.76) wìth different chokes (Dc = 0'72,

0.8U) at severa.l X posìtions, Figure 6.15, and for a g'iven

choke (Dc = 0.72) with different orìfice sizes at X = 17.02,

Figure 6.16.

Figures 6.14(a) and (b) show that the excess of the spectnaì

I evel s over those f or und'isturbed f I ow 'is greatest cl ose to

reattachment and then decreases with increasing x. tlp to

X = 4.13, the spectrum'is broad band with small peaks corres-

ponding to higher order acoustic modes; at larger X the
to oD

acousti c contri butì onsrlbeöome much rnore prominent, as the

turbulence levels relax towands their undisturbed flow values.

repl otted 'in

suggested by

3



øI

-240-

to-'

-3
tø

ø
5

-t
tø

-2
tg

-3
7ø

-l
tø

-5
tø

lt
øI

I

tp

I
1Øn

g

I
2

gI

o -r^^ o
sf

O

[a) X = 1.03

Do = 0.76, MI = 0.35

J = 0.47

0. 83 ,0.40,0. 52

O oO FO

C\l O CÐ +.
!, \rr, !,

[u) x = I .30

Do = 0.76, MI = 0.35

Ï = 0.47

0.83 ,0. 40,0. 52

ø

FIGURE 6.12 : WALL PRESSURE SPECTRA' Dc = 0.86



0o (o)U,

q3"

-l
1ø

-2
1Ø

-3
tø

-4
TØ

-5
1Ø

-6
LW

I
l\)Þ¿

I

B

oa/U,

FIGURE 6.13(a) : I^JALL PRESSURE SPECTRA AT X = 1.03

D./Do

0.86/0 .83

0.72/0.76 0.80/0.76

0.86/0.7

lCt 1V)



-t
tø

-2
1ø

-3

1ø

-4
Tø

-C

n

-6
1ø

DclDo

0.72/0.76
0.86/0.83

0.86/0.76

0aluJ

FiGURE 6.13(b) : WALL PRESSURE SPECTRA AT X = 1.30

0.80/0.76

a

I
N)r
N)
I

{

Lt) iØ



t
rø

a

tø

-t
lg

-2
tø

-243-

I
tø
a

x
t

10-3(r.52)

10:3 (2.07',)

10- 3 ( 2.76)

0
p

-3
tø

-f
lø

.5

tø

-€
tø

-7
t0

{
tø

'lo- s (4. 13 )

2¡
tg lø

FIGURE 6.14(a) : WALL PRESSURE SPECTRA, D" = 0.86, Do = 0.76, MI = 0.35, J = 0.47

(Top three curves are each shifted up by one scale unit)

6.89

14.31

1.52(3)

2.07 (2)

Þt'\

2.76(L)

Undisturbed flow

X

I

I

I

O
F-{ l^

¡O

p
I

I

I

I

I

0

4. 13
I

I

I

I

o
co

I

I

I

o o
rí-

I

X



-244-

O
Y

I

O
c\.1

O
t-t

OO
cf) sl

--tl-3
øI

X

I
1o-s(19.30)

tp

-l
tø

I

tø

{
tø

-7
tg

€
lø

5 I
Lø
(t

2

øIlø

FIGURE 6.la(b): WALL PRESSURE SPECTRA, D. = 0.86, Do = 0.76, MI = 0.35, J-= 0.47

(top curve ìs shifted up by one scale unit)

19.30

27.85

Und i sturbed

X

X 0

41. 63

fl ow



-245-

trI

ß-'

lEu

-ttø'

tø
6

-2
tø

-3
tø

tø'

0p

-5
lø

-6
tØ I 2

ø1

ø

ø1 ø

ç¿

9. 10

2.06

O
r-{

O
(!-

D 0.80, MI 0.33, J = 0.45
c

Ê-'l 
^^^OO
cf) <i-

X = 1.89

4.96

9. 10

22.06

X 1 .89
D 0.72, 14 0.29, J = 0.40c I

q
4.96 O

r-{

O
cf)

I

O
<f,

I

I

I

o.
(!r

FIGURE 6.15 : WALL PRESSURE SPECTRA, Do = 0'76



I
I

g

a
tg

-t
tg

-2
tg

-t
tø

-f
t0

€
tg

{
1g

-246-

ç¿

FIGURE 6.16 : WALL PRESSURE SPECTRA AT X = 17 '02, D" = 0'72

(Top three curves are each sh'lfted up by one scale unit)

o

D
o

I
1o-6(0.62)

lo-6(0.69)

6
(0. 76 )

1o-6(0.83)

p

10

-7
l0

{
t0 ¡ 2

gI
I

øIl0

-i
9

I

qq
9g
It

q
3

I

q
(\t.
vt

{
D

0 .69

0.76

0.83

= 0.6?
o



-247 -

It should be noted from F'igure 6.14 that the cut-off

frequencies both non-djmensional and dimensional (s'ince U1

'is constant in th'is figure) of the higher order acoustìc

modes which are ìndicated by the sharp spectral peaks ane

the same for all values of X.

The effect of orìfice size, in this regìott, is shown clearìy

by Fìgure 6.16 to be an 'increase 'in spectral 'ìevel as Do

is decneased. This trend, which impìies that the on'ifice

djameten has a significant effect on the coupììng between

the excitatìon provìded by the disturbed fìow and the

acoustic modes'in the pìpe whÍch are excìted by it, is con-

s'istent w'ith the p ' measurements. It i s al so notabì e that

the spectraì peaks corresponding to the cut-off frequenc'ies

of the higher order acoustic modes are affected by choke

s'ize but not by the ori f ì ce si ze (whi ch ì s cons'istent wi th

the fact that the streamwìse distributìon of Mach number in

this reg'ion for X:5 ìs fixed by Dc and independent of D0).

A.lthough th'i s 'is not evi dent f rorn al ì the non-d'imens j onal

spectra of Figures 6.14 to 6.16, jt is clear from dimensional

spectra for the four orìfice s'izes, such as those shown in

Figures 6.17 and 6.18.

These observations suggest that the spectna in this region

are a function of some form of mod'ified Helmholtz number,

with spectral levels scaling in a sim'ilar way to that

approprì ate to p' in this negion. Th'is suggests a correlatìon

in the form of (OO(r)c./l2ra)(D3/MJO'6) ut functìon of

(r¡a/c.)(1-t4)'r/2. The factor (1-¡P)-L/2, as wilì be seen
"ee

later, accounts for the effect of flow on the cut-off

f requenc'ies of the acousti c modes, M" be'ing an ef f ect'ive Mach
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number of the shear flow and c" the correspondìng sonìc

speed. Figure 6.19 shows that sca'ling of the spectral data

i n thi s way I eads to a f a'i nìy good coì lapse.

6.3.3 Regi on of re-establ'i shed fuì ìy-deve1 oped turbul ent

flow X>48 (Zone5)

Since the acoustic contribution to the pressure spectrum

js already dominant further upstream in zone 4, the rega'inìng

by the flow itself of an essentialìy undisturbed character

is not expected to'influence the resultant spectra s'ignìficantìy.

It can be seen jn Fìgure 6.20, for D. = 0.86, Do = 0.76,

that the variation of the spectra wìth X ìn this regìon'is

very similar to that already seen in Figure 6.14 for zone 4.

The figune also shows that the drop ifl p', with 'increas'ing

X, results from progressive attenuation of the high frequency

end of the spectrum.

Resul ts f or D. = 0.72 wi th orif i ce s'i zes Do = 0.62-0.83 at

X = 83.05, Fìgure 6.21, show that the effect of onifice s'ize

here 'is simjlar to that observed at X = 17.02, i.e. ìncreasìng

the spectraì level with decrease in Do. Dimensional modal

cut-off fnequenc'ies are again independent of orifice size

for a gi ven choke. Spectral sca'lì ng wì ì I take the same

forrn as that already discussed for zone 4 (Section 6.3.2).

6.3.4 Reqj on up stneam of the orifice plate (zones 1 and 2)

The dependence of oO on X in the range -22.75 < X < -0.83

for a g'iven choke and gi ven orif i ce, Da = 0.86, Do = 0 .76,

is shown in Figure 6.22. Measurements at X = -0.83 for one

orjfice (Do = 0.76) and various chokes are presented ìn Figure

6.23, and for one choke (Dc = 0.86) and various orifices in

F'i gu re 6 .24 .
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FIGURE 6.21 : WALL PRESSURE SPECTRA AT X
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Upstream of the d'isturbance, when the flow speed and level of

tunbulence ane low, the acoustic field makes the dominant

contributjon to both p' and qO, as is evident from Figure

6.22. op drops with increasing distance upstream (X

becoming more negative), the rate of attenuation being

greater at hígher frequencies. It may also be noted that

the Strouhaì number CI correspondìng to cut-off of a gìven

h'igher order acoust'ic mode ì s i ndependent of X.

The effect of increas'ing fìow speed, Figure 6.24, is to

increase op. The decrease in the value of 0 conrespondìng

to the cut-off frequencìes of the higher orden modes ìs due

mai n1y to dif ferent val ues of U1 , but i n th'is case, as can be

seen F'igure 6.25, where the results for Do = 0.76, at X = -8.96

are pìotted, there is a sìight decrease in the cornespond'ing

d'i mensì onal frequency wi th the ( sl i ght ) i ncnease j n fl ow

speed.

The effect of orifice sìze on the dirnensional cut-off fre-

quencìes of the acoustic modes is'illustrated ìn Figure

6.26 where the dìmensional spectra at X = -U.83 are shown

for 0.62 < Do . 0.83 and Ds = 0.86. Unlike downstream,

whene the dimens j onal f requenc'ies corres¡.rondi ng to the hi gher

orden acoustic mode peaks are independent of Do, the frequencies

here decrease with jncrease ìn Do. Even though the stream-

wjse distrjbution of Mach number is fixed by a g'iven choke

and js 'independent of Do, M1 and U1 upstream of the orifice

do vary wìth Do, 'increasing as Do increases. The observed

decrease i n f requenc'ies i s theref ore associ ated w'ith an

incnease in M1.
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From the obsenved scal'ing of Our/0, w'ith M¿ in thi s upstream

regìon and in the ìight of the discussion of the form of the

spectnum in zone 4, spectra can be expected to correlate on the

basìs of (OO(r)c./Al,a).t'P, as a function of (oralc.)(t-Nz¡-r/2,

where now M. and c. wi I I be an equ'iva'lent Mach number and speed

of sound for the flow in thjs reg'ion. Th'is is borne out by

Figure 6.27.

6.4 MODAL AMPLITUDES AND CUT-OFF FREQUENCIES

The d'isturbed turbulent pipe flow generates veloc'ity and pressure

fluctuations whìch, comb'ined with the mean fìow in the pipe, generate

a sound field which propagates as p'lane waves and higher order

acoust'ic modes i n the p'i pe system. Theref ore the overal I wa I I

pressure fluctuation is a combination of two pressure fields: a

turbulent pressure field and an acoustic pnessure field. At low

fnequencies, üra/c < 1.84, only plane waves can propagate. This

f undamental pl ane wave propagat'ion 'i n the streamwi se dì recti on takes

place with the wave front normal to the pìpe ax'is and wjth acoustic

pressure uniform over the cross-section of pjpe. Cross-correlation

techniques can be used to sepanate hydr odynamic pr"essure fluctuations

from the acoustic pnessure fluctuations associateo wìth pìane waves.

But th'is technique ì s useful only up to f requenc'ies correspondì ng

to t¡a/c = 1.84, âS, beyond thìs, higher order acoustìc modes start

propagati ng.

Hìgher onder acoustic modes have different radia.l and circunferential

patterns of acoustic pressure ampljtude variation, which result. from

mult'ip'le ref ì ecti on of acousti c pressune waves f norn the wa I I . Thus

the pnessure patterns for these modes are not uniform over the pipe

cross-section (Chapter 2). H'igher order modes propagate only at

frequencies hjgher than their cut-off frequencìes, but if the noise

generated by the dìsturbance extends over a wide frequency range

many such modes will be propagating simultaneously inside the pipe.
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The genera'l a'im of thi s part of the 'investi gati on i s to study

the attenuation and cut-off frequencies of the acoustic modes,

at various stneamwise locat'ions, with a vjew to jdentifying those

charactenistics of the flow which determine the details of the

wave system which is set up.

For example, we have seen that the fìow Mach numben rnay vary from a

small value in the fìow approachjng the orifice to a very high value

(of the orden of un'ity or somewhat greater) in the separated jet

downstream of the orifice and back to a small to moderate value at

the downstream end of the pi p'ing system; si nce the cut-of f f requenc.ies

of the highen orden acoustic modes are reduced from thejr no-flow

values by a factor of lTÃJ', (where M" ìs some effectìve Mach

number), one quest'ion arising, where there is such a large var.iatìon

of Mach number from upstream to downstream, is which Mach numben w1ll

determine the cut-off frequencìes of the acoustjc modes whjch are

exci ted .

cross-correlation techniques in fì lten bands used by Goff (1955),

Bolleter and chanaud (1971), Karveìis (1975) and Bu1ì and Norton

(1981), can show whether the acoust'ic energy ìs bejng propagated in

a pìane wave mode or h'ighen order mode. However, due to the dìs-

persive nature of hìgher order modes, cross-conrelat'ion cannot

djrectly give the acoustic pressures assocìated with particular modes.

Karve.lis (1975) app.lied cnoss-correlation techniques to fjlter bands

where on]y pì ane-wave propagati on i s possì bl e (oa/c < 1 .84 ), whì ì e

Norton (1979) extended thei r appìicatìon to the determinatìon of

the plane wave component of the wall pnessure fluctuations in fiìter
bands containing hìgher order modes, using the fact that the gnoup

velocity of the higher order modes'is less than the sonic propagational

speed of plane waves. Norton extracted the components of walì
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pressure f I uctuat'ions assoc jated with the hì gher" order modes j n

various filter bands by subtracting the turbulence and pìane wave

components from the total wall pressure fluctuations in those

bands. Kerschen and Johnston (1991) have developed a technjque to

separate broadband (as weìl as discrete frequency) noìse propagating

i nsì de a ci rcuì ar pi pe i nto acoust'ic duct modes. The acoust,-ic modes

are separated by weighted cornbinations of the instantaneous outputs

of pressure sensors, spaced around the pipe cìrcumference. consid_

erable sirnplification to the technìque occurs when there js no

correl ati on between di ffenent ci rcumferentj al modes. Thi s technique

has been used in the present investigatìon. An addìtional advantage

of the technique'is that, as an incjdental to the generatìon of a

modal spectrum,'it ìeads to ìdentìficatìon of the frequency at which

the mode starts propagating.

I ni ti aì ìy pi ezoel ectri c transducers were used for modal separati on

measurements, but owì ng to probl ems exper.ienced i n match.ing theì r

sensit'ivities, and because of the'ir sens.itìv.ity to structural

v'ibrati ons, they were repì aced by g;el and Kjaer l/4,, mi crophones .

6.4.1 Acoustic modal s ect ra

The basis of Kerschen and Johnston's technique of rnodal

separati on i s as fol I ows.

The instantaneous walì pressure fluctuation, p, at point r,
0, x and time t, ìs the sum of the acoustìc pressure fluctuation
p¿. and the turbulence (hydrodynarn'ic) pressur-e fluctuatìon p¡:

p(t;r,0,X) = pac(t;r,o,x) + ph(t;r,e,x) (6.3)
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Both p¡ and pu. are stochastic processes, being randorn functions

of space and time, and p'is therefore also a stochastic pr-ocess.

Any one of these three pressures can be represented as a sto-

chast'ic Founien-Stieltjes ìntegra'l of the form (refer to F'ig.

2.L for the coordinate system)

p(t;R,0,x) j ",rtazo(r;R,o,x),
(6.4)

where the dZO satìsfy the orthogona'lity condition

dzp o;R,0,X ,0 rX =Öp(oiRrorx),o =ûJ' (6.5)

= 0, (,J I o'.

Consider first the case of no flow when on'ly acoustìc pressure

fluctuations occur. If it ìs assumed that the acoustìc waves

are propagating in the +x-direction and the frequency of

intenest is bounded, 'i.e. modes of higher onder than M are

cut-off, then, with equation (2.4), equatìon (6.4) for the

acoustìc pressure at the pipe wall at x = 0 can be written'in

terms of the acoustic pipe modes as

æ

.iurt1 oi (." , - 
J, 

[cos (me ¡07fit, t

(6.6)-B+ sin(me)dzr(t¡)l

(') = I Pmn(R)ozfin(').
n

æ

Ru. (t ;e ) =J

whe re
-A
dzn

If, in addit'ion, there is no correlation between different

ci rcumf erent'ial modes, the acoust'ic pressure spectrum i s

i ndependent of ci ncumferenti al I ocati on. Kerschen and

Johnston (1981b) have shown that,'in th'is case, to separate

circumferential modes up to order M, the pressure spectrurrr

needs to be measuned at 2M circumferentjal ìocat'ions, given

by g = g.rfltl, l, = u,1,2,3,..., (2M-1).

Combinat'ion of instantaneous pressure transducer outputs then

g1 ves

76
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@

-6

lu.(t,ro) = I eì',to7o(r) = Po(t) (6.8 )

=I
A

el'tdzo(r) = e*(t),
æ

m = 112r..,(M-l),

and

-l
M-1

T
f,=U

pac(r,ou)(-1)r = 1-.i'to7fitr) = tfitrl.
2r4 -æ

The total power spectral dens'ity of al'l n (cosi ne) rn-order

modes is now gìven in terrns of the indjvidual modal spectral

dens'it'ies qrn by

-Aõ
o,r(rl = f P'rn(R)omn(r) , (6'.9)

n

with a sinrilar express'ion for the B (sine) nr-order modes.

-A -B
4, and 4rn, wh'ich are i n general the power spectral densì t'ies

AB
of Pr(t) and Pm(t) respectively, are ìn thìs case equaì, and

the overall spectraì density of m-order nrodes fr b".o,n"s equaì

1-A -B -Ato 
¡(0¡n 

+ 0m) = 0m.

When the acoustic pressure fluctuations occur in the presence of

turbulent flow and the totaì pressure fluctuation is gìven by

equation (6.3), the combinations of pressure transducer outputs

corresponding to equations (6.8) are
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2l'4.

I
L=

I
po (t) = 

ãil

1

0

1

I
p(t,el, ) = Po (t) + 

ZM

2M-1

I pn (t,o¿ )
0=0

mÎ,n

t

p(t,ot )cos (
t 2l!-

pm(t) = i ulu

ffl.Cn

M
)

A1
= Pm(t) + 

ill

12t4-

T
l, =0

p¡ (t ,ou )cos (
M

m= r,2,...,(M-1),

(6.10)

(6 .11 )

and

and

(r),

r 2M-1

n¡4(t) = i olo 
p(t,or )(-1)r =

A 12
= Ps(t, * 

T* ,
M.

I
=Q

I
p¡(t,e, )(-1)o .

The power spectraì densit'ies of the combìnatìons of transducer

outputs pm(t) appearìng on the L.H.S. of these equations wilì

therefore i nclude a turbulence contribution i n addìtion to

the acoustjc modal power spectral density of Pm(t). Kerschen

and Johnston's result is that the power spectral densit'ies of

these combi ned transducer signa'l s of equation (6.10) are

õo{') - j rn(u,),

-A
0m(r) I* 

,iô 
¡'

-A j , nt'1,0u(r) +

respectìveìy, where 0fr(r) is the power spectral densjty of

the turbulence pressure fluctuations at the measuring station

(and assumed to be independent of 0 ), provided that the
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turbulence and acoust'ic pressures are uncornelated and provided

there i s negl i gi bì e correl at'ion between the hydrodynarn.ic

pressure fI uctuati ons themsel ves at d'i fferent ci r cumfenentj al

I ocatì ons.

Thus, for the procedune to yìeìd accurate measurements of the

acoustic modal spectra, 'it is necessary that, in general,

and for the order zero and M ¡nodes

-A I
4¡(r,r) tt ñ ôn(¿,r),

-A 1

om(r) t, Zil ôn(o).

(6 .12a )

(6.12b)

In the present work, four pnessure transducers (1/4" Bruel

and Kjaen m'icrophones) spaced at 90o jntervals have been

used, and therefore modes of order up to (2,0) can be separated.

l^l'ith M = 2, the signaì combination correspondìng to equation

(6.10) are

I
pr (t) = -rlr(t,o) - p(t,'r )1, (6.13b)

and

1
p2 (t) = o[o(t,0) - p(t,, /2) + p(t,n ) - p(t,31T /2)). (6.13c)

At frequencìes below the cut-off frequencies of the (0,1),

(3,0) and (6,0) modes respectìvely the spectra of p0(t), pl(t)

and p, (t) will be

1* 
aôn'

I+ 
2on'

and

1

ó + -ôrr.
2,0 4

I

1

= lto(t,0) + p(t ¡ /2) + p(t,n ) + p(t,3n /z)f , (6.13a)po (t)

ö'0'0

ô' 1,0
(6.14 )
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Pnovjding that the assumptìons made 'in derivìng equations

(6.10) ane valid and the'inequaììty (6.I2) ìs fuìfilled, rhe'

power spectraì dens'ities of the (0,0), (l,0) and (2,0)

acousti c duct modes, 0oo (, ) , Oro (, ) and Oro (, ) shoul d ther-e-

for be obtained by takìng the spectra of the functions defined

by equations (6.13).

The various assumptions made in deriving these results wìll

now be listed and discussed.

(a) The pipe ìs terrninated anechoìca1ìy, so that onìy down-

stneam propagat'ing sound waves are present.

Previous work, on the present fìow rjg ind'icates that this

cond'iti on i s wel ì approximated as a resu.lt of the acti on

of the sonic choke at the downstream end of the pipe.

(b) Acoust'i c and turbul ent pressure fl uctuati ons are

uncorrel ated.

This assumption has prev'iousìy been made by Goff (1954),

Bolleter and Chanaud (1971), Karvelis (1975) and Norton

(L979), all of whom used cross correlation techniques to

separate acoustic and turbulent components of the wall

pressure fì uctuati ons, and Kerschen and Johnston ( 1gttta ) .

Kerschen and Johnston argue that acoust'ic pressures wìl I

be uncornelated with the ìocal hydrodynamic pressure

fluctuat'ions if the measuning station is far away from

the region of flow separation wnere the acoustic pressures

are generated. Karvel i s ( 1975 ) concl uded that the

'interaction between turbulent and acoustìc pressure

fluctuations is of the second order since

(i ) the j r I ength and t'ime scal es are not of the

same order of magnitude, and
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(ii ) the turbulent pressure fluctuat'ions forn an

exponent'iaììy decayìng random fjeld convected at a ìarge

fraction of the mean veloc'ity, whereas the acoustic

pressune fluctuations propagate at the local speed of

the sound.

(c ) Ci rcumferenti al correl ati on of turbu'l ent pressure

fl uctuati ons j s negf i gi bl e for the transducer spacì ngs

used.

Correlation between the hydrodynanrìc fluctuations at

d j f f erent cì rcumf erent'ial I ocati ons coul d be sì gn'if icant

at very 1ow frequencies. However, the lateral narrow-

band conrel ati on coeffi ci ent for the turbul ent pressure

fluctuat'ions 'is typ'icaìly .-0'7ur¡/Uc (n = lateral

separation distance) = 
"-0'7eHe/Mo, 

where Helmholtz number

He = oa/c (i.e. CI of Chapter 2). For Mo= 0.5, He = 1.84

(corresponding to the cut-off frequency of the (l '0) mode)

and O = r/2, the correlation coefficient is 0.003, indicating

that for present purposes this correlation can be ìgnored.

(d ) Di f f erent hi gher order acoust'ic modes are not corre'lated.

Kerschen and Johnston (1981a) show that the acoustic

pressure spectrum will be independent of cjncumferential

position only 'if the various acoustic modes are uncorrel-

ated. Invari ance of the spectrum w'ith c'i rcumf erent'ial

locat'ion therefore represents strong evidence of the

absence of such correlation. Alì checks on cincu¡nferential

un'if orm'ity i n the present work I ead to the concl usi on

that thi s i nter-mode correl ati on i s negl'i gì bì e.

Typ'ical resuìts are shown in Figures 6.2(a) and (b) of

spectra at four circumferential locat'ions, 0 = 0, rf2,

n, 3n /2, at positìons upstneam and downstream of the
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orifice plate D0 = 0.76 wìth choke D. = 0.86. The

spectra clearly have a strong acoustic content, as

'indì cated by the sharp ni ses at f requenci es conrespondì rrg

to vari ous hi gher order acor.rsti c modes, and j n each set

the p' values obtained by ìntegration agree to w'ithin

less than 2% and the four spectra are virtualìy identìcaì.

In additìon, by similar arguments to those'in (b)

above, sìnce the group veloc'ity of the hjghen order

modes js always less than the speed of sound, pìane

lvaves and h j gher order nrodes can be exirected to be

uncorrel ated (Norton, 1979).

(e) Acoustic pressure f'luctuations are ìarge compraned with

hydrodynam'i c fl uctuati ons.

If assumpt'ions (b), (c) and (d) are val'id, the spectra of

p0(t), pr(t) and pr(t) are given by (6.14). In the present

work, the'inequalities (6.12a) and (6.12b) are satisfied in

some regions of the flow but not others; details wìll be

gi ven I ater i n di scussi on of experì mental resu I ts .

The experimental results obtained ìn the present work wiìl

now be discussed.

Modal sepanatìon measurements have been tnade with orifice sizes

Do = 0.62 to 0.83 and f'low speed with Dc = 0.58 to 0.86

(refer to Table 6.3), embracing the negìon, -?2.75 < X < 47

(at smaìI intervals (18nun) ìn the separated-flow negion and

at a larger interval away fnom it). For FFT analysis with a

frequency range up to 10 kHz, the analogue-recorded data were

collected for a total time of 5.6 seconds. The spectra
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obta'ined by FFT were averaged over a band wìdth of 39 Hz. For

Tabl e 6.3

Choke and ori fi ce combi nati ons
for modal spectra measurements

Dç
u.62 0.83

0.58*

0.72

0 .80

0.86

ps t'eam on v

each measuring station, the ovenall spectrum was a'lso taken

usìng the Hewlett-Packard Spectrum analyser wìth at least

one c'i rcumfenenti al I ocati on and occasi ona'lly checked f or

all four m'icrophones spaced at 90" intervals. These direct

spectral measurements were made with a maximum frequency

range of 25 kHz and a band-width of 150 Hz, with a 'Hann'ing'

passband wìndow; the overall spectrum was averaged for at

I east 128 sets of data (each set consi st'ing of 1024 samp'les ) .

Comparìsons were also made of the spectrum obtained by FFT

of the tape-recorded sìgnaì and that obtained by feedìng

the same sìgnaì directly to the HP spectrum anaìyser set to

a 10 kllz span. The spectra so obtained always agreed to

w'ithin less than t 0.b dB.

For these tests j t was on'ly possi bl e to rnount the i nst rumen-

tation sect'ion carry'ing aìl four mìcrophones at a fixed

position about 76 pipe diameters fnorn the jnlet belìmouth.

0.69 o.76

/

/

,/ / I
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The pipe section carrying the orifice pìate on the sleeve

was therefore shifted, upstream and downstream, in relatìon

to the microphone sectìon. A mìnimum pìpe 'length of 56 p'ipe

diameters upstream of orifice was aìways maintaìned but in

cases of measurements upstream and downstream, cìose to the

orifice, a ìonger upstneam ìength (- 76 pìpe diameter) was

used. However, there was no s'imi I ar constra'int on mounti ng

the m'icrophone sect'ion with only two microphones (a'l'lowìng

separation of the (1,0) mode) installed. Therefore a few

checks wene made, by comparìng both walì pressure spectra and

modal spectra for the (1,U) mode, obtaÍned wìth two d'ifferent

combinatìons of upstream and downstream lengths. The companison

was made at two locat'ions downstream of the orifjce p1ate,

X = 13.2 and L9.2, for Do = 0.76, Dc = 0.86; no effect of

the length changes could be detected.

Match'ing of mi crophones was repeated'ly checked by measuri ng

sprectra of p, (t ) (whì ch requi res only two rnì crophones ) f rotn

both avai ì abl e pai rs of mì crophones . Vi ntual ìy 'identi cal

results could always be produced in this way.

The vaniation with X of the overall wall pressure spectrum

and the spectra obtained by analysis of the p0(t), P, (t), and

p2 (t ) s'i gnal s correspondi ng to the combj nati ons gi ven by

equation (6.13), for the case of fìow with D0 = 0.76,

Dc = 0.86, is shown in Figures 6.28 and 6.29. Spectna at

locat'ions upstream of the orifice are gìven jn Figure 6.28

and those downstream in Figure 6.29. Although measurements

were made at alì posìtions given in Table 6.3, onìy a selection

of nesults, which adequately nepresent the variation w'ith X
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which occurs, 'is presented. Furthermore, results are gì ven

for on'ly one orif ice/choke comb'inati on, as an exactly simi I ar

variation is observed for all other combìnations, listed ìn

Table 6.3, which wene tested.

In the discussion of modal separation procedures in Section

6.4.1, discussion of assumptìon (e), which has to be satisfied

if the acoustìc modal spectra'l densities themselves are to be

measured accurately, was left until this point. It will be

seen that, whììe, in the present work, the inequaìit'ies (6.12a)

and (6.12b) ane not always satìsfied, spectra of the p0 (t),
p_ (t) and p_ (t) sìgnaìs, even in those cases, ffiâJ stilì yìeld
T2

useful infonmation about relatìve turbulence and acoustic

ì evel s.

The spectra ìn zone 1 all have the same character as that for

X = -1.93 which is given in Figure 6.28b. Peaks corresponding

to the cut-off frequencies of the acoustic modes are very

promi nent, j ndi cat'ing that, ì n thi s case, the ì nequa'l i ti es

(6.12a,b) are generalìy satìsfied. Co'incidence of the p0 (t)

and overall spectra shows that this is so at very ìow

frequencies; but the divengence of the two as frequency

increases indicates that both turbulence pressures and acoustjc

plane waves then make significant contnibutjon to the overall

spectrum. A level difference of 3dB between the p, (t) anO

p2 (t) spectra beìow the (1,0) mode cut-off frequency Ís ìn
accord wìth hydrodynam'ic contrìbution of þh/2 and 6¡/4 res-

pectìve'ly to these spectra, as pnedicted by (6.14). Compalison

of the sS,rectra of pl (t) and p, (t) with the overal ì value

'indi cates that the (1,U) and (2,0) modes domi nate the spectrurn

near their cut-off frequencìes but that at other frequencies
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more than one acoustjc mode makes a significant cont.r,ibution

to the overal I I evel .

Sim'ilar nemarks app'ly to Figure 6.28a for X = -0.83 in the

separated flow region in zone 2 upstream of the orif.ice.

Dominance of the acoustic pressures in zones 1 and 2 js in

accord w'ith the earlier dìscussion (Section 6.2) that.in

these zones the acoustic pnessure levels are determined by the

hìgh mean flow dynamìc pressune'in the separated jet down-

stream of the orifi.. gJ whììe the hydrodynarnic pressure

fluctuat'ions are determined by the relatìvely .low 
local

dynamic pressure qI

Spectra for X = 0.79 and 1.31 in the separated fìow regìon,

zone 3, ane shown in Fjgures 6.29a and b. In both cases,

aìthough there is some evìdence of acoustìc mode peaks, the

spectra are clean'ly dominated by hydrodynamic pressure

fluctuations: the p, (t) spectrum 'is about 3dB below and both

the po (t) and p, (t) about 6dB below the overalì spectrum over

almost the whole frequency range, ìmp'lying that the q¡/Z and

6¡/4 terms of (6.14) are dominant. The onìy evidence of

identifiable acoust'ic modes of sìgnificant s¡.rectral ìevel

is at 1ow frequencies where the p0 (t) spectnum rises above

that of p2(t): the two figures show growth in the Ievel of

the (0,0) plane wave mode extending to higher frequencìes as

X ì ncreases.

Fìgure 6.29c fon X = 1.89 just downstream of flow redttach-

ment'in zone 4 shows that hydrodynamic pressure fluctuations

are sti I ì generaì'ly dorni nant, aì though the i nf I uence of the

(0,0) mode now extends to still hìgher frequencìes than .in

zone 3.
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At X = 4.96 (Figure 6.29d), acoustic spectraì peaks are

becomi ng mone cl early defì ned. Acousti c contri buti ons have

become donrinant by X- 9 and relrrain so at alI greater X. As

can be seen'in Figures 6.29e and f, the acoust'ic levels of

the (0,0) and (1,0) modes are essentiaìly equaì to the overall

levels at al'l frequencies up to that at whìch the (2,0) mode

becornes propagational . At frequencjes above the cut-off of

the (2,0) mode acoust'ic pressures are sti.ll dominant, but

there are signìfìcant contributions to the overall spectraì

level from both (1,0) and (2,0) modes.

So far the discussion has been confined to frequencies at

which on.ly (U,0), (1,0) and (2,0) modes can be separated by

f our pressure transducers. The po (t ) comb'inat'ion does not

el ì mi nate (0, n ) modes and the (0,1) mocle appears 'in al I the

spectra presented. It should however el im'i nate al I modes

wìth m > 0; the appeanance of what appears to be a (4,0) mode

peak in jts spectrum seems to indicate (s'ince other indications

are that the four transducers ane accurately matched) that for

some reason the orientation of the nodal diameters for this

mode 'is not compìetely random in thjs flow. The p, (t) com-

binat'ion should elirn'inate all modes for which m is even (in-

cluding m = 0), but all modes fon m odd will appear; while the

p2 (t) s'ignaì should not contaìn contributions from any modes for

which m is odd or a multìpìe of foun. In one or two cases

(e.g. Fìgure 6.29e) canceìlation of the (1,0) contribution to

the (2,0) spectrum 'is not perfect. Modaì spectral level of

modes of h'igher order than (2,0) can be determined, from the

p0 (t), p, (t) and p2 (t) spectra, at their cut-off frequencìes
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whene the increment'in spectraì level can be positively'iden-

tified. Use is made of this laten in determinìng the atten-

uation of the various modes with X at their cut-off frequencies.

6.4.2 Acoustic mode identification

In the pressure spectra, higher order acoustic modes can

genera'lly be identified by the step increase in powen spectra'l

density which occurs at their cut-off frequencies. However,

this becomes more difficult in the h'igher" frequency reg'ion, as

the modes become more closeìy spaced.

Resolut'ion can Ëe improved by making use of the phase

differences (0" or 180") jn the pressure at two points on the

pipe waìì separated by 180", wh'ich are chanacterìstic of the

various modes. These, together with the no-flow cut-off

frequencies and with-flow cut-off frequencies for Ms = 0.24

are listed in Table 6.4. The relative phase of the pressure

signals from two 1/4" gr;el and Kjaer microphones, mounted ìn

the pipe wall at opposite ends of a pipe dìameter, in narrow

filten bands, is obtained from the HP spectrum analyser. The

relative phase of the two signals is given by the anaìyser

within t 10 degrees. The basic display of the instrument

is t 200 degrees with cyc'ling taking place nominaì1y at t 180

degrees; the 20 degrees of hystenesis minimizes the extent to

wh'ich the display bounces between r 180". l,lith the spectrum

anaìyser being used in its two-channel mode, the number of

samples'in each set of data acquired drops from 1024 to

512 per channel; and consequentìy the signa'ls were averaged

over at least 200 sets.
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Tabl e 6

Phase d'if ference for si
mr crop ones or var ous g ror

4

nals from two diametrica l'ly opposi te
er esa e r cut-off fièquències

(for D. 0.86, D 0. 1 6 ; upstream propagationf
0

Mode Phase Difference No-flow cut-
off frequency,
(fco)nr (kHz)

/T:We2 (f co )rur(for M" = 0.?4)

i
/

/

/
/
!

t
,/
/

/

/

/
/
/

/
:

j
/

(1 ,o
(2,0
(0,1
( 3,0
(4,0
(1,1
(5,0
(2,t
(0,2
(6,0
( 3,1
(L,2
(7,0
(4,1
(8,0
(2,2
(0,3
(5,1
(9,0
(3,2
(1,3
(6 ,1
( 10,
(4,2
(11,
(7 ,r
(2,3
(0,4
(12,
(5,2
(9,1
(3,3
(1 ,4
(13,
(6,2
( 9,1
(11 ,
( 14,
(2,4
( 10,
(0,5
(7 ,2
(15,

2

4
5

6
7

7

9
9

10
11
11
t2
T2
13

2
4
5

6
I
B

9
10
10
11

t2
12
T2
13
14
15
15

.772

.598

.769

.325

.006

.027

.659

.097

.563

.924

.068

.850

.915

.976

.525

.010

.3L7
15.839
L6.r27
17 .082
L7 .625
17.668
17 .722
19.094
1 9 .312
19.47r
19.829
20 .060
20.896
21.059
2I.252
21.960
22.378
22.476
22.987
23.016
24.035
24.052
24.6L2
24.764
24.798
24.896
25.625

.691

.464

.600

. 140

.772

.793

.371

.802

.254

.57 5

.7L5

.47 4

)
)
)
)

)
)
)
)
)

)
)

)

)

)
)
o)
)
o)
)
)

)
o)
)
)
)

)
o)
)

)
3)
o)
)
1)
)
)
o)

.5 37

.567
14.100
14 .57 1

14.869
15.376
15.656
16.583
17.110
17.I52
17.204
18.536
18.748
18 .902
19.249
t9 .47 4
20.285
20.444
20.631
21.319
2I.724
21.819
22.3I5
22.343
23.333
23.349
23.893
24.040
24.073
24.r59
24.876
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Phase measurernents were made wìth the orifice Do = 0.76, and

choke Dc = 0.86 at X = -2.01, -12.8, 19.3 and 29.2, for a fre-
quency span of 25 kH'z, at a bandwidth of 150 kHz. Fon a better

resolution measunements were also made for a frequency span

of 10 kHz, which allows the bandwidth to be reduced by a factor

of 2.5 to 60 Hz. Results for x = -2.01 are shown as an examp'le

in Figures 6.30 and 6.31. These show that modaì cut-off fre-
quencies can still be determjned from phase changes when the

modes are scanceìy dìscernible in the pressure spectrum itselr.*

6.4.3 Attenuation of Hiqher 0rder Modes

Even in a hard-wal led pipe attenuationrof acoust'ic waves propa-

gating j ns'ide a pìpe, w'ith stneamw'ise distance wi I I occur as a

result of the effects of viscosity and heat conduction at the

pipe waì'l .

If pipe wa'll vibrations are excited by the internal sound

field, attenuation of acoustic waves will also occur due to

sound energy transmitted through the pipe wa'|1. Further

increases in attenuation may be expected when a turbulent pipe

flow is present, owing to the effects of convection and

interaction of sound and turbulence. convection is expected to

result in greater attenuation for upstream than for downstream

propagati on.

In contrast to the propagation of pìane waves, the higher order

modes propagate wìth a group velocity less than son'ic speed, by

mult'ipìe refìect'ions frorn the p'ipe waìì, and for th'is reason one

would expect the higher order modes to suffer greater attenuation

than plane waves.

However, cut-off frequencies of all modes can not be obtained from

phase piots, but on'ly those at which a change from 0 degree to 180

degrees or 180 degrees to 0 degree occurs (j.e. (1,0), (2,0), (3,0),
(4,0), (5,0), (2,1), (3,.|) etc. modes).

,{É
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Howeven, there is littìe systematic information available on

attenuation of acoustic waves, and higher order modes in

partì cul ar, i n a hard-waì I ed pi pe carnyi ng turbuì ent fl ow.

Beatty (1950) has derjved theoretical nesults fon attenuatìon

of higher or^der modes due to the effects of viscosity ancl heat

conduction (by expressing them as small equivaìent normal

acoust'ic walì admittances), but ìn the absence of flow. Doak

and vaidya (1970) extend the small admittance analysis to the

case of uniform mean flow, but no effects of turbulence are

included. As far as viscous and thermal effects ane concerned,

these analyses indicate that the (0,n) (symmetrìc) modes w'iìì

have the lowest attenuation rates of all higher order modes,

and that attenuation nates wilì increase wìth both m and n.

Ingard and Singhal (L974) have derived an expr-ession fon the

attenuatjon of pìane waves in turbulent pipe flow. Theìr

nesult'is that the attenuatìon over a distance of X pipe

diameters is given by

Mo
0.17 

-. 
X dB

1r Mo
(6.15 )

Positive and negat'ive signs refen to downstream and upstream

propagation respectiveìy; so that the attenuation nate is

hìgher for upstream propagation than downstream. They

veri fi ed thi s expressi on, whi ch i s i ndependent of frequency,

by a series of tests at various flow Mach numbers. Theìr

work also shows that, for frequencies typical of higher order

modes, attenuat'ion due to turbulent pipe flow will be great,er

than that due to vi scous and thermal effects for aì I fl ow Mach

numbens greaten than about U.1. However, the theoretical
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work by Cri ght,on (1970) and fur"ther experìrnental work by

Kanvelis and Reethof (rgl4), wh'ich'is discussed by Kanveììs

(1975) suggests that equation (6.15) may gì ve an overest.irnate

of the attenuation by factors as much as 10 at low Mach

numbers.

In the present work the attenuation of highen order modes can

be determined from modal spectra at various streamwise

Iocations. The modal amp'lìtude at cut-off is determined by

subtracting the hydrodynamic pressure level immediateìy before

cut-off from the peak vaìue reached imnrediately after.
Results for orifice plate Do = 0.76 wjth flow speed Dc = 0.86

are shown i n F'igune 6.32. Al I the modes attenuate r"api d ly i n

the reattachment and the recovery reg.ion up to X = 5. Beyond

that, the (m,0) mode is attenuated at a constant rate of

about 0.2 dB per pìpe dìameter. The (0,n) mode for which no

mean l'ine is shown on the figure, appeans to be attenuated at

a slower rate, but, with the scatter in the data pnesented, this
cannot be said with centa'inty. The effect of fìow speed with

Do = 0.76 is 'illustrated by Figures 6.33 and 6.34 and of orìfice
s'ize with Dc = 0.86 by Figures 6.3s and 6.36. Results are

shown for both upstream and downstream propagation. The figures

indicate that all (m,0) modes are attenuated at about the same

rate and that neither flow speed nor orifice size has any

si gni f i cant effect.

However, the attenuation rate, at distances well nemoved from

the orifice, is s'ignìficantìy higher for upstream than for

downstream propagatìon; the values are, nespectiveìy, about

0.3 and 0.2 dB/pjpe d'iameten.
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6.4.4 Modal Cut-off Frequency

Cut-off frequencies f.o fon the higher order acoustic mocles,

obtained from the modaì spectra, for Dc = 0.58-U.86 and

orìfice pìate Do = 0.76, and for Dc = 0.86 with al.l four

orifice plates (Do = 0.62, 0.69, 0.76 and 0.83) ane shown

'in Fi gure 6.37. The measurenrents cover the range

-22.75 < X < 46.8. In F'igure 6.37 the mean li nes shown ¿lre

for the Dc = 0.86, D0 = 0.76, data'on1y. [lt shoulO be

noted that as a result of more detailed subsequent rneasure-

ments, the data presented here, and the'ilintepretat'ion,

dìffer sornewhat from those presented by Buìì and Agarwaì

(1e84 ).1

For X I 3, f.o is ìndependent of X ancl independent of

orifice size for alI modes; ìt appears to depend only on

D. on ME (and jt should be noted that the centre-line

Mach number Me is essential'ly equa'l to l4g for all X > 7).

The f.o are lower than the no flow vaìues, (fco)NF, and the

djfference increases with increasing M¡. For 0 < X 1 3, f.o

decreases wìth X up to about X = XR, whene it reaches a minirnum

value. It then nises rapidìy and within about half a pipe

diameter reaches its constant downstrearn value.

For X ( -3, fco ìs constant but its value is hi.gher than

the correspondìng downstrearn va-lue for the same mode. In

contrast to the downstream behavìour, f.o varies with

orifice sìze fon a given choke; its values appears to be

determined by M1. Cìoser to the orìfjce and in the separated-

flow reg'ion, -1.0 < X < 0, â lower vaìue of fco is obtained.
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The characteristics of f.o shown by Fìgure 6.37 are consìstent

wi th those 'i ndi cated by other data whi ch have been d'iscussed

'in the context of the pressure spectra in Section 6.3.

In the'ideal'ised case of uniform flow in a pìpe wìth Mach,

number M, the Helnrholtz numbers (uralc) at the cut-off of the

acoust'ic modes are reduced below theìr corresponding no-flow

values ("mn a) by a factor of lWi and the theoretical

work presented'in Chapter 2 shows that when the velocìty dis-

t.ri but'ion i s that of f ul ìy-deveì oped p'ipe f ì ow the reducti on

factor beconres rtTTT whene lvla is an effect'ive Maclr number,
e

wh'ich 'is very closely gìven by the average lvlach nurnber

over the velocity profile:

14( r)dr (6.16)

Numerical values of the ratio A = lvl"/Me of M" to the Mach

number on the p'ipe centreline, obtaìned in Chapter 2 range

between U.90 and 0.91.

The experilnental results wh'ich ttave been presented show that

cut-off frequencies are reduced as flow Mach nulnber ìncreases,

but it remaìns to relate the ot¡served values quantìtatìveìy

to jdentifiable flow parameters. 0n the bas'is of the foregoing,

the Helmhoìtz number at cut-off of the (m,n)tn nrode should be

g'iven by

(r,ralcs ) ( rmna )/W
e

(6 .17 )

where c" ìs the speed of sound in the f'low at the effective

Mach number M".

For the flow in the present work, which is ìnduced frorn a

constant-condi t'i on reservoi r (the atmosphere ) , the assumpti on

of constant total temperature throughout gì ves

1

R

R

Me Í
U
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cs = ['rRT r/0 +:)! ,'"))r/2

= crl¡ -!;! t42)L/2. (6.18)

where c. ìs the speed of sound under reservoir conditions.

The cut-off frequencies can then be expressed as
y-1

(oa/cr) = (Kmna)[(t-Nz¡/ (I + -V- 14,"))r/2.(6.19)

Thus, if the value of the Helmholtz number (oa/c¡)

correspond'ing to a modal cut-off f requency 'is determined,

the effective Mach numben can be found by soìvìng

equation (6.19).

Values of oa/c¡ at cut-off for various acoust'ic modes at

X = 13.2 in flows with Dç = 0.86 and D =00.62-0.93 are

p'lotted against the theoretical no-flow values ("mna)

i n Fi gure 6.38. As previ ous'ly i ndi cated, the val ues are

almost identical for all orifice sìzes, and an almost

identical plot ìs obta'ined for all downstream X > 3.

From the graph ua/c7 = 0.91 r¡¡¡â ând equation (6.19) then

gìves Me = 0.39. Figure 6.39 is a similar pìot for the

sect'ion X = -8.96 upstream of the orifice plate w'ith Dc = 0.86

and D = 0.62-0.83. It shows the variation of cut-off
0

f requency w'ith Do , and a si mi'lar graph i s obtai ned f or

all X.

M. vaìues derìved from the experimental data, for various

flow conditions, weìì upstream and downstream of the

orifices, are shown in Table 6.5.

An exampìe of the lower cut off frequencies obtained closen

to the or''ifjce js shown by Figure 6.40 for X = -2.01 with

Dc = 0.86 and Do = 0.76: in th'is case (oralcr) = 0.95 (.mna).
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Table 6.5

Effective Mach Numbers, Mo, away fnom Disturbed-flow Reqion

Choke si ze
Dg M1

0,21

0.29

0 .33

0 .23

a.29

0 .35

0.39

Ori fi ce si ze
Do

Downst ream U pst ream
Me Mg Me

0.58

0.72

0.80

0.86

0.86

0.86

0.86

0.76

0.76

0.76

0.62

0.69

0.76

0.83

0.25

0 .33

0.39

0.39

0.39

0.39

0.23

0.37

0.46

0 .56

0.56

0.56

0.56

0.14

0.19

0.22

0.14

0 .18

0.24

0.30
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The ef fecti ve Mach nurnber M" i s pl otted aga'i nst M1 for upstream

measurements and agaìnst Mg for downstream measurernents in

F'igure 6.41. The f igure shows that for both upstream and

downstream data A = Mg/M1 or lvl"/ME is about U.7, j n contrast

to the theoret'ical value 0.90-0.91 for ful ly-developed tunbulent

pipe fìow. Thus in the regions away fnom the flow d'isturb-

ance the value of A is lowen and the value of the cut-off

f rquency (whi ch can be expressed as (f co)NF/T-- (A-Ml}z) hi gher

than would be expected for acoustic propagation in a fuììy-

developed velocity profì ìe. This suggests that the sound

radiated from the sources 'in the disturbed-flow regìon is

effectiveìy hìgh-pass filtered ìn the near vicinìty of the

sour"ce; so that the apparent cut-of f f requencies i n the

reg'ions X: -3 and X > 3 are ìn reaì'ity those higher va'lues

of regions closen to the source. This interpretatìon ap¡.rears

to be consi stent wi th the substanti al dev'iatì ons, 'in the

dì stu rbed-f I ow regi on, of the mean-vel oc'ity prof i les f rorn that

characteristic of undjsturbed fulìy-deveìoped flow, and with

the observed variation of appanent cut-off frequency wìth X

through the d'isturbed region. [lt should also be noted that

thì s, of course, 'impl'ies that the .lowest 
f requency sound i n

a given mode propagating away from the source is not determìned

by the f I ow condi ti ons 'i n the nomi na'l ìy undi stu rbed-f ì ow regi ons

well away from the source, as prevìousìy suggested by Bull

and Agarwaì ( i984) ..1 The I ow mocla'l cut-of f f requenci es

observed in the separated-flow reg'ion are interpreted as

those of non-propagating (evanescent) acoustìc modes.
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6.5 Summary and Conclusions

In this chapter the results of measurements of various characten-

istics of the wall pressure fluctuations in fulìy-deveìoped turbulent

p'i pe-f 'low, di stu rbed by an ori f i ce pì ate, have been pnesented. The

main results concerning the properties and structure of the resulting

fluctuating pressune field are as follows.

(1) From the mean flow measurements (Chapter 5) it is known that

the fìow approach'ing the orifice retains the properties

of undisturbed flow until it is qu'ite close to it, and that,

following the disturbance, the mean-velocity and turbulence

profiles revert to thein undisturbed states at some d'istance

downstream (X > 48) . In both these nom'inal'ly undì sturbed

regions, the local hydrodynamic pressure fluctuations should also

be those characteristic of undisturbed fuì'ly-deveìoped pipe

flow. But, in both regions, the values of rms pressure and its
powen spectral density are, in fact, much higher than those for

the undisturbed flow. The d'ifference is attributed to propagat'ing

acoustic waves generated by the flow djsturbance produced by

the ori f i ce p'late.

(2) The intens'ity of the fluctuating pressure field in the

separated-flow and neattachment region 0 < X < 1.5 is determined

by the maximum mean-flow velocity U¿ in the free jet issuing

from the orifice.

The overall rms wall-pressune p' scales with the dynamìc pressure

qJ in the jet, and, cons'istent with this, the walì-pnessure

spectra show similarity in the form of Op(tr)U;/Cja as a function

of the Strouhal number oâ/U¿.
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The r¡ns pressure neaches a maximum value of p'/tU = U.U6 at a

distance downstream of the orifice plate of about 90% of the

f'low reattachment length for all orifice pìates and flow rates"

It appeans that 'in thìs region turbulence and both propagating

and non-propagating acousf,ic modes all contribute to the pressure

fl uctuati ons.

(3) The acoustic cornponent of the overall rms pnessure fìuctuat'ion

in the nominally undìstunbed f'low upstream of the onifice (obtaìned

by reducìng the measured nrean square value by the correspondìng

truìy-und'isturbed-flow value) ìs domìnant and appeans to scale

as q¿/M¿. t,lh'i le the reason for the c¡ccurrence of the factor" l/M¿

'is not clear, the result does indicate that the sound field ìn

thìs region ìs radjated from and determined by condit'ions in

the separated-flow regìon downstream of the orjfjce. Th.is

conclus'ion ìs suported by the quite good coì'lapse of the (un-

mod'if ied) spectral data'in the forrn 6(o)cgt"lllU2a agaìnst

(toa/c.)/lTW.
e

(4) The acoustic cotnponent of the overalI nms pnessure fluctuation

is also dominant in the reattached and recovering fìow downstrea¡n

of the orìfice and shows a dependence on Nj'3q¿zuf, indicatìng

that the sound field in this regìon also origìnates from the

separated-flow region closer to the orìfice. The conrespond'ing

(unrnodifìeO) spectra show a consìstent f onrn of sca'l'ing; a fai r

coììapse of data is obtajned in the form 6U1r)c.llf/v3.rj'u
aga'i nst (r,ralc") / lTM.

e

(5) The presence of tne acoustìc field 'is evidenced by the presence

in the wa1'l-pnessune spectra of sharp peaks, the frequencies of

whì ch can be i dent'i f i ed w j th those correspondi ng to the onset

of propagati on of the varì ous orders of acousti c rnode wh'ich can be

generated with'in a cincu.lar pipe.
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The peaks are not very prominent 'in the separated-fìow negìon,

i nd'icatì ng a major contri but'ion to the pr"essure f I uctuati ons ì n

this region a'lso by turbulence or non-pnopagating acoustic

modes or both. They are very prominent in spectra both upstream

of the orjfice and in the reattached and recovering flow down-

stream. This is cons'istent with the dom'inance of acoustic

pnessure fluctuations over turbulence pressure f.luctuations in

these regi ons noted 'in (3) and (4) above.

(6) The cut-off frequencies of the various acoustic modes in the

presence of f 'low, as. obta'ined f rom overal I and modal spectra of

the wa'l I -pressure fl uctuatì ons, di ffer from the correspondì ng

no flow values by a factor of /T-m-z where M. 'is an effective
e

flow Mach number. The spectra show quite close overall s'im'i-

ìarity when related to the non-d'imensìonal fnequency

(r,ralcs)//T-W based on thjs sarne factor.
e

(7) In tlte nominal ly undisturbed fìow welì upstream of the orifice

the appanent cut'off frequencies of the acoustic modes are the

same at al I streamwi se I ocati ons, and a sjmi ì ar effect ì s

obsenved jn the necovering f'low weìI downstream of the orjfice.

However the apparent cut-off frequency for a gì ven mode i s

significantìy higher upstream than downstneam. The data suggest

that the observed constancy 'is attributable to a high-pass

filtering effect of the disturbed flow in the vìcinity of the

orìfice, rather than to the true cut-off characterist'ics of the

shear flow'in the regìons themselves. The behav'iour" is consistent

w1th the obsenvatìon of a minirnum cut-off fretluency for each

mode at a position within the separated-flow negion.

Apparant I ocal vari ati ons j n cut-off frequency i n the
regi on of di sturbed fl ow appear to be associ ated wi th
presence of evanescent acoustic modes.
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(8) Modal spectra at various streamwise locations show that, for

downstneam propagat'ion, (m,0) modes seem to have a constant

rate of attenuation (0.2 dB/metre) while the (U,n) ,modes are

attenuated at a lower rate. The attenuation for upstream pro-

pagation, is higher by about 50% (- 0.3 dB/metne). t^lith'in the

accunacy of tneasurement, flow speed does,not seem to have a

sìgnificant effect on the attenuation rate.

t
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CHAPTER 7

VELOCITY SPECTRA

7.L Introduction

The aims of this part of the invest'igation are

1) to determine the zones'in wh'ich higher orden acoustic modes are

detectable in the spectra of the axial veloc'ity fluctuations,

and to identjfy the detectable modes;

2) to compane the measured rad'ial distributions of modal acoustic

particìe velocity amplitude with the theoretical values derived

from the corresponding modal pressure variation (see aga'in

Secti on 2 .7 .5 ) ;

3) to supplement the 'information on modal cut-off frequencies and

effective flow Mach numbers obta'ined from wall pressure fluctuation

measu rements .

The theoretical relation between the axial component of acoustic

particle veìocity u and acoust'ic pressure is given by equatìon(2.56),

Chapter 2. In most cases equation (2.57), which is exact for uniform

flow, is expected to be a good approx'imation. Then the radial

distrjbution of u will be s'imilar to that of the pressure modified

by the mean-veìocity dìstribution through the term (.ô - U).

Results presented in Chapter 6 for the overall walì-pressure spectrum

when it is dom'inated by acoustic pressure fluctuations, and more

particularly those for modal spectra, indicate that the maximum

power spectra'l density in any g'iven acoustic mode occurs at the cut-

off frequency of that mode. If the velocity spectra are to provide

similar information on cut-off frequencies, the behaviour of the

acoustic particle velocity must be similar to that of the pressure

and also peak at the modal cut-off frequency. However, this need

not necessari'ly occur, and the actual behaviour must be determined

from the experimental data.
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The experimental spectral results which are presented ane those

measured with a s'ing'le 5pm diameter tungsten hot wine. The hot wire

probe was the same as that used for the measurements of the rms

streamw'ise velocity fluctuation pnesented in Chapter 5, but in

the present work the w'ine was uncalibrated.

The axial velocity fluctuat'ion u to which the hot wire'is subjected

is the sum of a turbuìence velocity fluctuation and an acoustic

velocity fìuctuation:

U = Uac * uþr (7.1)

(where u¿s and uh are the axial components of acoustic and hydr"o-

dynamic fluctuations respectiveìy), but the hot-wire output is not

simply a function of u. A number of factors determine how c'losely

its output represents u only.

The si ng'le hot wi re responds essent'ial1y only to streamwi se f I ow

fluctuations; its output wjll therefore in generaì represent ax'ial

flow fluctuations, although'it should be noted this will not be

strictly accurate where streamlines of the flow are significantly

inclined to the pipe axis.

It is generaììy acepted, folìowing Kovasznay (1950) and Monkovin

(1956), that in a compressible flow a hot wire responds primarily to

mass flux (pU) and total tempenature (Tt) fluctuations. Thus

E
Tr

pu STS (7 .2)
E t rt'

whene E is the vo'ltage output of the hot-wire bridge; primes indicate

fluctuations, and Spu and ST, are sensitivity coefficients. However,
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there is some uncentainty about the relative magnitudes of the

sensitivities and their dependence on Mach number. Rose and McDaìd

(L977) and othens have concluded that Spu is insens'it'ive to Mach

number variation at moderate subsonic and transonjc speeds and that

Sr becomes small compared w'ith Spu at high wire overheat ratios;'t
but the findings of Ardonceau (1984) are at variance w'ith both these

conclusions. Thus, while total temperature variations in turbulence

are small and so for turbulence measurements the second term in

equation (7.2) can norma'lly be negìected, for acoustic fluctuations

it can on'ly be negìected if 51, is indeed smalì; and in v'iew of

the uncertainty about Mach number dependence of the sensitivìties,

direct comparìsons of dimensional spectral levels obtaìned with an

uncalibnated hot-wire at different flow locations, with different

mean-flow Mach numbers, must be made with caution.

Even if the contribution of total-temperature fluctuations to the

hot-wire response can be neglected, the hot-wire output is stjll a

measune of mass flux nather than velocity fluctuation. In the case

of turbulent f'luctuations, (p'/p) is approximate'ly equa'l to

(.r-1)Nz(u/U) (Kovasznay, 1950; Settles et al., 1982 ); thus (with

y = 1.4) density f'luctuations will be respons'ible for about 40% of

the mass flux fluctuation at M = I and significantly less at lower

Mach numbers. However, in the case of acoustic fluctuat'ions, because

the relation between particle velocity and density (or pressure)

variations is not simple for hìgher-order modes and will in genera'l

be frequency-dependent, there is no simpìe way of resolvìng the hot-

w'ire signal into its particle velocity and density fìuctuation

components. Both at the p'ipe centre-line (when aU/¡¡ = g¡ and

near the pipe wall (whene àp/ar = 0), equation (2.56) reduces to

equation (2.57). From that relation it can be shown that the mass
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flux fluctuations w'ill be dominated by the particle velocity

contribut'ion in the walì r"eg'ion, but that, on the centre-ìine,

particle veloc'ity and density fìuctuation contributions will be of

the same onder (and opposite sign).

Hene the hot-wi re si gna'l wi I I be i nterpneted as roughly represent'ing

u as given by equation (7.1) but it must be borne in m'ind that this is

subject to the significant restrictions which have been outlined.

Because, fon these measurements, the hot wire was uncalibnated, the

results presented are restricted to the follow'ing two fonms:

(i) the powen spectral density Ou(o), non-dimensionalised in the

form
0u(r)Uo

ou=
a.l7z

as a function of Strouhal number,

(l)a

uo
(7.4)

where Uo is the mean flow velocity on the pipe centne-line

and the normalisation is such that

(7.3)

æ

d 
ordn = 1; (7 .5

and

('ii ) relative values of 0u(f ) as a function of the dimens'ional

frequency f.

Measurements upstream of the orifice (up to X = -16.8) and downstream

i n the separated f 'l ow regi on, recovery regi on, and re-establ 'i shed

equi'librium region (X > 48) have been made with the orifice and choke

comb'inat'ions i ndi cated i n F'igure 7.1 . The spectra have been obtai ned
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either by directìy d'igitizing the hot wire signal (after'low

pass filten'ing with a 4-pole Butterworth filter) using the 12-bìt

data acquisition system or by using the Hewlett-Packard spectrum

ana'lyser.

7 .2 Vel oci t.y Spectrum in Undisturbed Flow at Various Reynolds Numbers

Velocity spectra at the pipe centre-line at X = 0 for the case of

the undisturbed flow, over a range of flow speeds (given by the

chokes Dc = 0.39 - 0.86), are g'iven in Fi gure 7.2. The Reynolds

numbers, based on pipe d'iameten, are in the nange 1.54 - 6.64 x 105.

The u' spectrum of Laufer (1954) obtained at a p'ipe-f1ow Reynolds

numben of 5 x 10s is also shown. The spectra'l d'istributions are

s'imilan to each other and generally in close agreement w'ith the

measunements of Laufer except at h'igh frequencies, where the present

results show a somewhat more napid drop with frequency for ç¿ > 30.

Spectra at various radial positions (y/a = 0.074, 0.28 and 0.691)

at the flow speed given by the choke, Dç = 0.86 (Re = 6.64 x 10s)

are shown in Figure 7.3. Laufer's measurements at the same radial

locations for Re = 5 x 105 are shown; again there'is quite reasonable

agneement except at high frequencies.

7 .3 Streamwi se Vari at'i on of Ax'i al Vel oci ty Fl uctuati ons on the

Pipe Centre-Line

The spectra'l measurements given in this section embrace the range of

streamwise djstances -16.81 < X < 86.54 w'ith the choke Dç = 0.86,

and -16.81 < X < 2.20 with two other chokes, Dc = 0.58 and 0.72; the

data are for three orifice plates Do = 0.62, 0.69 and 0.76.
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In the case of uniform flow the distributions of acoustic pressure

for the various acoustic modes are g'iven by equat'ion (2.4) as

p(n, o, X) = (Arncos mg + Brnsin me)Jr(r<*nr¡ei (k*x-t'rt).

Since Jm(O) = 1 for m = 0 and J¡(0) = 0 for m > 1, ìt fo'llows that

p will be zero on the pipe centre line (r = 0) for a'lì modes except

those for which m = 0. A similar nesult'is obtained fnom the

numenical soìutions for fulìy-deve'loped pipe flow. Aìso, since

aU/ar = 0 at r = 0, equation (2.56) reduces exactìy to equation

(2.57) at r = 0.

Therefore on the pipe centreline, only (0,n) modes should be detect-

abl e.

7 .3.r Separati on req ion (X < Xp. Zone 3)

Spectra on the pipe centre line, at van'ious streamwise

positions, for flow with D0 = 0.76 and D. = 0.72 ane shown in

F'igure 7.4.

The figure shows sharp spectral peaks at frequenc'ies

sufficient'ly close to the cut-off frequencies of the (0,n)

modes for them to be associated with these modes. The

frequencies of the peaks do not change with streamwise

distance, but there is a rapid reduction of modal ampl'itude

of the higher order acoustic modes relative to the background

turbulence I evel as X + Xp (1.31) . I^le have seen that pressure

and velocity fluctuations both reach maximum values in this

vicinity, and this suggests that the effect results from

increased turbulence level rather than attenuat'ion of the

acoustic modes.
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Spectra for the orifice pìate Do = Q.76 at X = 0.55 wjth

the fìow speeds given by chokes Dc = 0.58,0.72 and 0.86

(Figune 7.5) are genera'lly similar to those shown in Figure

7.4, except that the (0,n) spectral peaks can be 'identified

for the chokes Dc = 0.72 and 0.86 but not for 0.58. In l'ine

with the general dependence of cut-off frequenc'ies on Mach

number, the frequencies of the spectraì peaks take on lowen

values as the flow rate increases.

At the same position, vaniation of orifice'size for a gìven

choke (Dc = 0.58) leads to turbulence spectral levels incneasing

with Do at a gneater rate than acoustic levels (Fìgure 7.6);

so that acoust'ic spectnal peaks are evident with D0 = 0.62 but

not with Do = 0.69 or = 0.76.

7.3.2 Recovery reqion (Xp < X < 48. Zone 4)

Variation of spectra with X in this region, for Do = 0.76 with

Dc = 0.86, is shown 'in Figure 7.7. Peaks conresponding to

higher-order acoustic modes are evident onìy at X = 1.61.

Thereafter the spectrum is dominated by tunbulence and the

level increases up to X = 4.24, and then falls continuousìy

with increasing X (which is consistent w'ith the u' measure-

ments with Do = 0.76 and D. = 0.39, Chapter 5). At X = 45.19,

the spectrum is nearly the same as that of the undisturbed

flow. Additional data, for Do = 0.76 with D. = 0.72 (Figure

7.8) show similan spectra, but in this case acoustic modes

are not neaìly discernible even at X = I.47.
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Spectra of F'igure 7.7 jn non-dìmensional form, for locations

X > 1 .93 at whi ch h'igher order acoustjc modes are not ev'ident,

together with Laufer's (1954) results for undisturbed flow

ar.e shown i n Fi gure 7.9. Except at hi gh f requenc j es there 'is

a strong similarity between the two.

7.3.3 Fully deveìoped flow re-established ( X > 48. Zone 5)

The spectrum at X = 86.54 for the flow with D0 = 0.76

and D. = 0.86 and for the undisturbed flow at X = 0 are shown

in Figure 7.10, in both d'imensional and non-dimensional form.

It is evident that in this reg'ion the velocity spectrum is

turbulence-dominated and not sign'ificantly affected by either

the flow disturbance or the acoustic fjeld which 'is super-

imposed on the flow.

7 .3.4 Flow ups tream of the orifice (Zones 1 and 2)

Velocity spectra upstream of the orifjcie p'late for the flow

with Ds = 0.86 and Do = 0.76 (Figure 7.11) show no signifìcant

change w'ith X over the range = -16.82 to -1.65. No discrete

peaks conresponding to the higher order acoustic modes are

ev'ident. Similar results are obtained for different orifice

s'izes and flow speeds. Data for Do = 0.76 with Dc = 0.58,

0.72 and 0.86 and for Do = 0.62 and D. = 0.86 are shown in

Figure 7.72. No acoustic peaks ane present in the spectra

and the effect of flow speed and orifice size is merely to

change the spect ral 'l eveì i n accord w'ith changes i n the mass

flow nate. The spectra of Figures 7.11 and 7.I2 in non-

dimensìonal form, Figures 7.13 and 7.t4, ane again similar to

that of undisturbed flow.
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7 4 Variation of Velocity Fluctuations with Radial Distance from

the Pi pe Ì,Jal I

All the experimental data pnesented in this section are for the

orifice plate Do = 0.76 in combination with the choke D. = 0.86.

7.4.I Downstream of the orìfice

Spectra measuned at eleven radial positions at X = 0.55,

within the separated f'low reg'ion, are shown in F'igur^e 7.15.

There'is clear"'ly a dom'inance of turbulence velocity fìuctuations

near the wall at y/a = 0.074, 0.16 and 0.25. There is a

suggestìon of veny weak acoustìc peaks in the spectnurn at

!/a = 0.33, but such peaks on'ly become clearly visìble at

y/a = 0.5. They can be clearìy seen in all spectna for

0.50 < y/a < 1.0. At these positions most of the finst

fifteen higher-order modes (up to (8,0)) can be detected, but

beyond this it is generalìy hard to distinguish the peaks.

Pa'irs of modes such as (6,0) and (3,1), and (1,2) and (7,0),

cannot be separated as the'i r cut-of f f requenc'ies ane very cl ose

together. For l/a > 0.74 the (m,0) modes are pnogressively

reduced in magn'itude while the (0,n) modes are increasing in

magnitude. At y/u = L.0, i.e. at the pipe centre line, as

expected, onìy (0,n) modes are present. Changes in the

spectra with X, moving fnom the separated-flow region through

reattachment (X = 1.31) and some distance into the recovery

region (X = 1.93) ane shown in Figure 7.16 for four different

nadjal positions. Spectna at X = 1.31 and 1.93 are similar

and most of them are dominated by turbulent fluctuations; the

only clearly distinguishable peaks at these two posit'ions are

those conresponding to (0,n) modes which can be seen at

!/a = 0.83 for X = 1.31. The main effect associated with
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increasing X is the change in shape of the spectrum, particularly

at low frequencies, which occurs between X = 0.55 and 1.31.

Cut-off frequencies shown on Figures 7.15 and 7.16 are

experimental values obtajned from wall-pnessure spectra at

the same streamwise positions.

At X = 31.4 (F'igure 7.I7) spectra measured at radial pos'itions

0.074 < l/a < 0.66 do not show any obvious acoustic spectraì

peaks. In non-dimensjonal form the spectra are similar to

those fon undisturbed pipe fìow (except at high frequencies)

in the central negìon of the pipe and a little less so closer

to the pipe wall (Figure 7.18).

7.4.2 Upstream of the orifice

Spectra at X = -1.65 and -16.82 for !/a = 0.074, 0.28, 0.41,

0.58 and 0.91 are shown 'in Fìgures 7.19 and 7.20. No spectraì

peaks cor"responding to the highen order acoustic modes are

evident. The extent of similarity of the non-dimensional

spectra (Figure 7.2I) to those of the undisturbed flow is

comparable to that observed at X = 31.40 well downstream of

the orifice (Figune 7.18).

7.5 Regions where Higher-order Acoustic Modes are Detectable in Velocity

Spectra

The regions where higher-order acoustic modes ane detectable 'in the

spectra'l data which have been presented in this chapter are

indicated in Fi gure 7.22. It can be seen that detectabi'lity is

confined to the separated-flow region (zone 3, Figure 5.1); it
extends over the whole pipe radius close to the downstream side of

the orifice plate, but shrinks towards the pipe centre-line as X

i ncneases.
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7 .6 Modaì Amp litudes and Cut-off Frequenc'ies

7.6.r Radial dìstributions of modal amplitude of axial pantìcle

velocity and acoustic pressure

In v'iew of the fact that h'igher-order modes are detectable'in

the velocity spectra only'in the separated-flow reg'ion,

comparison of the experimental modal distributions of acoustic

particle velocity wìth those derived from acoustic pressure

distributìons calculated fon undisturbed ful'ly-deveìoped flow

must be made with some reservation. However, acoustic mode

shapes in the sepanated-flow reg'ion can be expected to be not

too different from those in the fulìy-deve'loped fìow for the

compari son stìl I to be of i ntenest.

Theoretical pressure distributions for the (1,0), (2,0),

(3,0), (0,1) and (0,2) modes at the'ir cut-off f requencies are

shown in Figure 7.23(a); the corresponding distribut'ions of

axial particle velocìty calculated by the appnoxjmate relation,

equation (2.57 ), are shown in Figure 7.23(b).

The calculated particle-veloc'ity distributìons are compared

with those derived from the experimental spectral data fon

X = 0.55 in Figure 7.24. It can be seen that there is a

bnoad consìstency between the theoretical and measured mode

shapes.

7 .6.2 Cut-off f requencies

Because of the limited region in whjch the higher-order

acoustic modes are detectable, the velocity spectra do not

add greatly to the 'information on with-flow cut-off f requenc'ies

obtained from the wall-pressure spectra. Table 7.1 summarises

the veìocity data fon the (0,n) modes with n = 1-4; they
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apply to X = 0.55, aìthough the data of Fjgure 7.4 jndicate

that the modal peak fnequencies do not change perceptìb'ly

with X over the r"ange 0.28 < X < 0.83.

TABLE 7.1

MODAL PEAK FREOUENCIES IN VELOCITY SPECTRA .X=0.55

A
Dc =Ms/M,

0 .58 0.65

0.72 0.58

0.86 0.56

Where comparisons of the frequencies, given 'in Table 7.1, at

which modal peaks in the velocity spectra occur, with

conrespondi ng cut-off f requenc'ies obtai ned f rom wa'l I -pressure

spectra, F'igune 6.37, can be made, they show that the two are

not the same: for the (0,1) mode, at least, the veìocity

peak appears to occur at a frequency less than the modal cut-

off frequency. The intenpretation of this 'is not cìear,

particu'larly as the comparison is confined to the regìon of

disturbed flow.

Table 7.1 also shows non-dimens'ional values of the modal peak

frequenc'ies as (ua/cr), and the corresponding va'lues of M"

Frequency of
Modal Peak

Do M Mode f
(kHz)

tùa \
c^

Average
Me

0.62 0.49 (0,1)
(0,2 )
(0,3 )
(0,4 )

5.6
9.8

14 .1
18.6

3.7
6.5
9.4

12.4

0.32

0.76 0.79 (0,1)
(0,2 )
(0,3 )
(0,4 )

5.0
9.2

13 .3
17 .4

3.3
6.1
8.9

11 .5

0.46

0.76 1.07 (orl)
(0,2)
(0,3 )
(0,4 )

4.8
8.L

LL.7
14.9

3
5
7

9

1

4
8
9

0.60
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and A = Me/M' derived fnom them by equation (6.19) as if
the velocity peaks did correspond to cut-off frequencies.

The values of A are veny much lower than the theoretical

values (0.90 - 0.91) for undisturbed ful'ly deveìoped fìow and

also lowen than the reduced value (0.70) derived from the

waì'l-pressune spectra. Since the mean-velocity profiles do

not change greatìy wjth flow Mach number, the value of A at a

g'iven streamw'ise pos'ition X m'ight be expected to be independent

of the fìow speed. The vaìues g'iven'in Table 7.1 show this

expectation'is rough'ly fulfilIed.

7.7 Summary and Concìusions

The results presented lead to the folìowing conclusions.

(1) The pnesence of acoustic modes is shown up by peaks in the

axial velocity-fìuctuation spectra at frequenc'ies close to,

but apparently not equaì to, the modal cut-off frequencìes.

(2) The acoustic modes are detectable, above the turbulent

velocity fluctuations, onìy in the separated-flow reg'ion

downstream of the orifice.O

(3) The frequencies of"the modal peaks appear" to be independent

of streamwise and radial position within the separated-flow

region, and decrease as flow rate increases'in a s'imilar

way to cut-off frequencies.

(4) To the limited extent that comparisons can be made, the measured

mode shapes for axial acoustic particle velocity are similar to

theoretical shapes derived from calculated acoustic pressure

di stri buti ons.

(5) Very soon after flow reattachment and within on'ly a few pipe

diameters of the orifice plate, the velocity spectrum is

comp'lete'ly dominated by turbulent fluctuations and its shape

0 becomes very similar to that for undisturbed flow.
There i s rapi d reducti on of modal amp'l i tude of the acousti c modes
relative to the backgrouncl turbulence level as X-* X^. This effect
appears to resul t from i ncreased turbul ence I evel ratñer" than
attenuat'ion of acoustic modes.
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CHAPTER 8

FLUCTUATIONS IN SEPARATED REGION

8.1 Introduction

As has been discussed ìn Chapter 5, the neattachment region'is

highly unsteady. The separated shear layer grows into the re-

cjnculating flow and curves sharply in the reattachment zone and

impinges on the wall. Bradshaw and l,long (L972) suggested that at

reattachment eddìes bifurcate, part travelì'ing upstream and part

downstream. McGuinness (1978) observed low frequency static pressure

fluctuations in the separat'ion bubble at the entrance of a pipe and

concluded that these fluctuations are caused by eddìes moving upstream

in the ìow speed necirculating flow. Kniseìy and Rockwell (1982)

studied the low frequency oscillations in cavity fìow and observed

that they are caused by feedback of djsturbances from the impingement

point. Studies by Eaton and Johnston (1982) of fìow over a backward

facing step using a thermal tuft, Simpson, Strickland and Barr (1977)

us'ing a laser anemometer and flow visualisation work of Smits (1982)

confirm the existence of low frequency oscillations and also the

'interpr^etation that the eddjes deflect altennate'ly upstream and down-

stream in the reattachment reg'ion.

Th'is Chapter is concerned with the natune and cause of low frequency

motion of the separation bubble in the region downstream of the orifice

pl ate. Mean pos'iti ons of separati on and reattachment po'ints are

denived from measurements of yp, the fraction of time for which the

flow'is in the downstream dìnection at a g'iven point on the surface.

Reattachment and separation po'ints are defined as the points with 50%

downstream flow (Eaton, Jeans, Ashjaee and Johnston, 1979, Simpson

1981); these are also points where the mean wall shear stress and mean

flow velocity gradient ane zero, and, therefore, where the mean

velocity at a small finite distance from the wall would also approach

zero. The output of a single hot-wire anemometer is aìways positìve,
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regardless of the fIow d'irection, being characteristic of the heat

transfer from the wire. Therefore a singìe hot-wine anemometer is

directìon-insensit'ive and cannot be used to gìve an unambiguous

indication of flow neversal or separation. To ovencome thjs prob'lem,

dual w'ire or dual film anemometers have been used. In dual wire

probes, the heated wake of one hot wire can be sensed by the second

wire directly behind it. The difference in the two hot wire signaìs

serves as the indicator of the flow d'irectìon, because the relat'ive

magnitude of the two hot wine outputs depends on which wire is in the

wake of the other. Gunkel, Pateì and Weber (1971), Cook and Redfearn

(1975) and Jerome, Guitton and Patel (1971) used probes of this kind in

highly tunbulent and reversing f1ows. Horstman and Rose (1977 ), Mìer

and Krepì i n (1971) and McCroskey and Dunb'in (L972) used a s'imi I ar

technique with dual surface films to detect the flow d'irection.

Recentìy, three wire probes, where the wake of a central heated w'ire

is detected by temperature-sensing wires on either side of it, have

been used. Rubensin, Okuno, Mateer and Brosh (1975) used buried wjre

ski n f ri ct'ion gauges of thi s type. Down'i ng (1972) mounted the

temperature-sensor wires at right angles, so as not to disturb the

flow over the heater wire, but this made the probe unable to cope w'ith

the lateral components of velocity. Eaton, Jeans, Ashjaee and Johnston

used a three wire probe'in the flow behind a backward facing step.

Their system consists of a hot wine heater and senson elements operated

as resistance thermometers. The pulsed wire probe of Bradbury and

Castro (1971) is a one dimens'ional velocity sensor, but it has a

lim'itation on the maximum velocity it can measure for a gìven wìre

spacing (e.9.14 m/s for 1.25mm). Carr and McCnoskey (1979) used a

three element probe, operating all the wines as constant temperature

anemometers, and thereby obtaining a velocity signal from the heater

wire in addition to the direction fnom the temperature-sensor wires.
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Shivaprasad and S'impson (1982) used a modif ied three-w'ire probe similar

to the one described by Eaton, Jeans, Ashjaee and Johnston, but of

somewhat different geometny, to give the indicat'ion of the instan-

taneous direction of the flow velocity.

8.2 Probe Des'i gn and 0perati ng Detai 1 s

The probe used in the present investigat'ion is shown'in Figure 8.1.

It consists of three para'l'le1 wires, a centraì, heated, velocìty-

sensing wire and two temperature-sens'ing wires, each mounted on a

pair of sewing needles (0.2mm diameter). The probe body is made

of perspex and the top surface, which is exposed to the fìow, ìs

machined to match the pnofile of the pipe. Each set of needles is

mounted on a separate penspex bìock; a screw from the bottom winds the

perspex block up or down, thereby adjusting the height of the needles

protruding from the top surface of the probe. This arrangement and

the needle spacings are shown in Figure 8.2. A flexible sììd'ing

contact (to take care of misalignments in the hoìe) for the electrical

connections, is provided for each needle.

The temperature-sensoi's are tungsten wires, 5 pm in diameter, copper

plated at each end, w'ith a sensing ìength of - 1.5 mm. The heater and

velocity-sensing wire used is nichrome,25 ¡rm in dìameter, a'lso with a

l..5mm sensi ng I ength and copper p'lated ends. Al I wì nes are soft

soldered to the needles. The probe fits in the instrumentation holes

of the pipe sectìon (Figure 3.4) and once mounted becomes an integraì

part of the test sunface. The needles can protrude through the

clearance holes in the face of the outer shell up to 6 mm, to

facìlitate the mounting of the wires. Connections to the wires are

provided through pins in the outer shell of the probe.

The heater wire is operated at high temperature, - 600-700oC,

by a DISA constant temperature, 55M10 bridge. Since nichrome
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has a ìow temperature coeffic'ientr - 0.0004, thjs requires an

overheat ratio of onìy about I.25, for a power diss'ipation of

8-10 watts. The choice of 25 pm diameter w'ire was a compromise

between w'ires of larger diameter, which were ruled out on account

of poor frequency response and the probìem of soft soldering them

to the needles, and smaller size wires, e.g.5u[ì, which have to

be operated at high overheat ratios (> 1.8) and therefore tend to

burn out frequentìy. The wire is left on for several hours, before

use, to stabilize. Typical resistances,,of heaten and temperature-

sensor wires are 3.4 n and 6.3 e respectively. By taking both the

temperature-sensor w'ires from the same batch, it is possible to

match their resistances within about t 0.2 ohm. Measurements were

made with 1-1.5 amp current through heater w'ire; this heater

current was found to be adequate, and above thìs 1p was found to

be independent of heater current.

Init'ial trials with the temperatune-sensor wires operat'ing as

constant-current and constant-temperature anemometers (at'low over-

heats - 1.1) were not very successfuì, as in both cases the wires

were too sensitive to velocity fìuctuations. It was diffìcult to

separate changes in output due to flow from those due to the

heated v',ake. Therefone an electnonic circuit s'im'ilar to that used

by Eaton, Jeans, Ashjaee and Johnston was adopted (Figure 8.3).

The two temperature wires fonm two arms of a l,lheatstone bridge

network, the other two arms being fixed Skn resistors. To adjust

for small d'ifferences in the temperature-sensor resistances, the

probe'is mounted in the pipe with flow (and heaten wìre CTA tunned

off) and the resistor connected in series with one of the wires

adjusted untiì null bridge output is obtained. The output from

the l,Jheatstone bridge is amplified 1000 times and then fed to a

zero-crossing detecton, which g'ives an output of 0 on -9 volts
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depending upon whether the output of Wheatsone bridge'is positive or

negat'ive (i.e. which w'ire is hotter). The offset of the amplìfier

was adjusted till the output signa'l fluctuated between zero and -9V.

An output of -9 volts was selected so that the s'ignaì could be

directly fed to the 12-bit A/D converter.

I f there i s no temperature d'if ference between the wi res, el ectron'ic

noise w'ill cause the output to sw'itch between 0 and -9V at high

frequency. The sìgnal due to the temperature difference between

the wi res 'i s al ways greater than the el ect ron'i c noi se (2-3mV ) .

Although the nu'lì vo'ltage from the Wheatstone bridge and offset

adjustment on the amplifier were quite stable, they were checked

before each run.

All three wires were set at a distance of 0.6mm from the pipe waìl

for the present measurements.

8.3 Measurement of Mean Reattachment length

The pnobe has been used to measure yp and also the velocity signaì

from the heater wire, for the flows Do = 0.621 0.69 and 0.76,

Dc = 0.72 and 0.86. For this pur"pose, the signaì from the CTA is

fed through a 20dB attenuator (because the signa'l from the hot wire

is generalìy mone than 7 volts and the ampfifier provides a maximum of

7 volts offset) and offset amplifier to one channel of the 12 bìt A/D

converter. The si gnaì f rom the di rection-detector ci rcu'it 'is fed

to another channel of the same A/D conventer (Figure 8.4). The

attenuator and ampìifier combination is calibrated us'ing a very

stable voltage source (Dateì type DVC 8500). For sampììng rates

greater than ZkHz the rate does not seem to make any difference'in

the value of.¡p, but a higher sampìing rate,5 kHz or 15 kHz, was

used to allow the hot wìre signaì to be reconstnucted.
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Measurements downstneam the orifice p'lates have been obtained for

a series of streamw'ise locat'ions at ìntervals of 10'25mm. Data

from several runs each of about 5 seconds dunation have been

averaged to give percentage downstream flow for any given location.

The maximum difference in the averaged value o¡ yp was less than

5% between successive runs for the same position and even lower

w'ith langer averaging t'ime. To check the geometrical symmetry, the

probe was notated by 180o and the yp measurements reflected. Again

the variation in the value o¡ yp was less than 5%.

Variation of yp with the streamwise distance X, fon the flow

Do = 0.82, Dc = 0.86, is shown'in Figure 8.5. Measunements were

cont'inued up to the poìnt X = 2.62, where the ent'ire flow'is in

downstream direction, i.e. yp = 1. At about ha'lf way aìong the

length of the separation bubble yp reaches a min'imum of about 3%,

i.e. the flow is predomìnantly in the upstream dinectìon; rp does

not seem to reach zeno, indicating that the flow'is never entirely

in the upstream direction. yp rises steepìy beyond this po.int

and at X = 2.6, yp = 1. Results obtained by surface fence gauge

for this flow ane also shown on Figure 8.5. There is a remarkable

sim'ilanity in the general shape of the two curves, and the mean

pos'itions of the reattachment point (tp = 50% and ¡P = 0) obtained

by two methods are nearly the same.

yp vaìues obta'ined for the flows Do = 0.62, 0.69 and 0.76 with

Dc = 0.86 are shown in Figure 8.6. A curve fon the lower fìow speed

obtainted w'ith flow Do = 0.62, Dc = 0.72 is also included. In

genera'l the curves are similar, with the yp= 50% crossing shifting

upstream with increasing flow nate (or increasing Do for a given

choke). Reattachment lengths derived from these measurements and

the sunface fence gauge results are very close to each other

(F'igure 8.6).
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A good colìapse of the data, for a given choke, is obtained when

yp is pìotted against the streamwise coordinate normaìized by

the mean reattachment length x/x*(Figure 8.7).

The measunements o¡ yp indicate that the zone between the mjn'imum

vp (where.the flow is almost totally upstream) and the po'int where

it reaches 1 (flow comp'letely downstream) extends from about 0.6 xp

upstream of the neattachment po'int to about 0.8 xp downstream.

The results from the three wire probe indicate that thjs technique

provides a very accurate measurement of the mean reattachment

I ength.

8.4 Hot-l.li re S'i gnal

The voìtage from the hot wire and the sw'itching signaì from the zero-

crossing detector" circuit, at various stneamwise positìons for the

cases of the flow speed and orifice size investigated, were essentially

simultaneousìy recorded (actually sequentially with a maximum time

deìay of 4 microseconds). An uncaìibrated hot wire was used and

it'is assumed that during the duration of recording (- 1 second),

there was no drift in the hot-wire signa'|.

The hot-wir"e signa'l and the output from the zero-cnossìng detector

at three streamwise locations downstream of the orifice plate,

X = 0.76, I.31 and 1.6 (i.e. at reattachment and sìightìy away

from it upstream and downstream) 'in the flow Do = 0.72, Dc = 0.86,

are shown in F'igures 8.8,8.9 dnd 8.10. The extent of the downstneam

f I ow i s cl earìy evi dent f rom the zero-crossi ng detector s'i gna'l : at

X = 0.76 the flow is predominantly in an upstream direction; at

X = 1.31 (i.e. reattachment), the extent of downstream and upstneam

flow seems to be the same; and at X = 1.86, the flow is clearly

dominantly downstream with only occasional flow go'ing in the
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upstream d'i recti on . Hot-wi re and dì recti on si gna'l s at X = I .93

(- Xn) fon Dq = 0.72 and Do = 0.62 are aìso shown, in Figure 8.11

The curve is very similar to that for the previous case (F'igure

g.g).

l,Jhere the direction signal indicates a flow reversal , the hot-

wire sìgnal can be clearìy seen to be going to a min'imum (but,

because of the hot-wire characteristic, not to zero).

8.5 Low Frequency 0sciìlatio¡

The existence of low frequency motion'in separated flow has been

observed in the flow downstream a backward-facing step (Eaton and

Johnston (1981)), in the flow through a sharp bend'in a fu]ly

developed turbulent pìpe-flow (Tunsta'll and Harvey, 1966), and in

the flow through an orifice (McGuinness, 1978). Theselow fre-

quencyoscillations appear to be responsible for the high turbu'lence

intensity in the separated reg'ion. Low frequency oscillations are

not visible in the wall pressure spectna or velocity spectra

measured with an overall bandwidth of 0-25 kHz, as the filter pass-

band is then 150 Hz in the case of the H.P. spectrum analyser and

38 Hz in the case of tape-recorded data. Therefore the spectrum

in the separated-flow region, in the ìow frequency range 0-25 Hz,

has been obtained by analysing the output of a Banocell connected

to a static pressure tapping in the p'ipe wa'll, us'ing the H.P.

spectrum analyser. In this frequency nange a bandw'idth of 0.15 Hz

is obtained; smaller bandwidths were not possible as the sampling

rate is reduced in'inverse proportion to the fnequency span, and

at frequency spans less than 0-25 Hz, the time for collection of

one set of data (1024 sampìes) exceeds the time for which the flow

remains choked. The spectrum obta'ined fon the flow Do = 0.72,

Dc = 0.86, measured at X = 0.76, is shown 'in F'igune 8.13. Several
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ìow frequency peaks are ev'ident ìn the spectrum, particuìarly the

ones at 1.2 Hz, 1.8 Hz. However too much significance should

not be r"ead into these: it should be pointed out that the effect

of variation of flow parameters on the spectnum has not been

investigated here, and it should be noted that Eaton and Johnston

(1980) in a s'imilar investigation of flow over a backward-facìng

step found no well-defìned periodicìty in the flow neversals.

8.6 Summary and Concl us'ions

Results of measurements made with a three-wire probe ìn the

separated-flow region allow the following concìusions to be dnawn.

(1) Values fon the mean neattachement posit'ion, äefined as the

SO%-downstneam-flow point, are in very good agreement with

those measured by the su¡'face fence gauge (Chapter 5).

(?) The variation of the fraction of time for which the flow is

in the downstream direction yp with streamwise position in the

separated and reattachìng flow is a function of x/xp only.

(3) The position of the reattachment point and the flow in the

recirculation zone are subject to random ìow frequency

oscillation.
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CHAPTER 9

DISCUSSION AND CONCLUSIONS

Th'is investigat'ion has been concerned w'ith the characteristics of the

flow and associated acoustic field in ful'ly-developed turbulent pipe flow

with flow separation caused by an orifice p1ate. Detailed experimental

results for mean-flow veloc'ity profiles, wal'l pressure and axial velocìty

fluctuatjons 'in the disturbed flow req'ion and far from 'it; i.e. upto and

beyond the position where a fully-developed turbulent pìpe flow has been

re-established and upstream of the disturbance, are presented. Specifìc

conclusions reìat'ing to various sect'ions have been presented'in earljer

chapters. In this sect'ion the conclusions are summarised and the more

important conclusions about the overall problem are d'iscussed.

As djscussed ìn the literature survey Very little work on the flow

structure, generation and propagation of higher order modes 'in fulìy-

developed turbulent pipe flow w'ith flow separation due to an orifice

p1ate, has been reported. In particular there has been very 'little

attempt to study the streamwìse vaniat'ion of modal anrpfitude and cut-off

frequencies of hiqher order acoustic modes generated in the pipe due to

the flow disturbance and also their variation with flow rate. The main

conclusions are as follows.

(l) In the pipe, the centreline Mach Number (Mr) is essentia'lly

constant for some considerable distance upstream of the orìfice

and falls sl'ightly below M, as the flow contracts to pass throuqh

the orifice. Just downstream of the orifice the Mach number

reaches'its maximum value and then fal'ls very rapidly reaching a

local minimum value at about X = 7. t¡lith further increase 'in X

jt rises, at fjrst more rapidìy (zone 4) than f¡ictional effects

can account for and then in zone 5, for X;48 at a rate determined
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enti rely by f ri ct jonal ef fects. The streamw'ise devel oprnent of mean

velocity profììes, d'isplacetnent thìckness ð*, momentum thickness e,

shape parameter H(ô*/e) and the Clauser parameter also suggest that

the flow after disturbance reaches equiljbrium again after about 48

p'i pe di ame te rs .

The flow Mach nunlber further downstream, iust upstream of the choke

is determined by the ratjo of throat area of the choke to the cross-

sectional area of the pipe i.e. by D: ancl is independent of the

ori fi ce sj ze, Do.

(?) In the flow approaching the orifice, a fully developed velocity

profile exists (but d'ivergìng from jt very close to the orjfìce

pìate). In the region of reversed flow downstream of the orifice

after separation the central forward-f1ow portions of the mean

velocity profiles exhjbit a reg'ion where U varj., u, y%. Downstream

of reattachment the mean velocity profìles have both a logarìthmic

region and a half-power regìon. The extent of the logarithrnjc region

'increases with jncreas'ing X. In the region of adverse pressure

gradient, Perry and Schofield's veloc'ity-defect correlation for two-

dimensional flow, whjch utjljzes length and velocity scales based

on the maximum shear stress (rather than the wall shear stress),

appears to be applicable. Dìps in the velocìty profiles below the

line of 'loga¡ithmic simjl arity (upto X = l6) also ind'icate that

the local wall shear velocjty is not the proper scale throughout the

I aye r.

(3) The mean posit'ions of reattachment and separation poìnts, expressed

in terms of pìpe diameters as XR, XSI and Xr, (or, in terms of the

rad'ial he j qht of the ori f i ce as xO/h, xr.' /h and xrr/h) are f unct'ions
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of orjfice size, Do and the Reynolds number, Re. Values for the

mean reattachment position measured by surface fence gauge are in

good agreement w'ith those measured w'ith surface hot film and three-

wi re probes.

(4) The flow djsturbance in fully-deveìoped turbulent pipe flow

generates an intense internal sound field comprìsing plane waves

and higher order acoustic modes, which propagates throughout the

pipe system. Therefore the wal'l pressure field can be identifìed

as that of ful'ly-deve'loped turbulent pi pe fl ow wi th a superimposed

acoustic field generated by the flow d'isturbance ì.e. orifice

plate. The values of overall rms pressure , p' and its power

spectral densi ty r^rel I downstream of the di sturbance (X ¡ 48) ,

where fu'l'ly-deve'loped turbulent pipe has been re-established, are

much hiqher than those for the undisturbed flow. The difference 'is

attributed to propagat'ing acoustìc waves generated by the f'low

disturbance produced Þy the orifice plate.

The presence of the acoustic field is also evidenced by the presence

in the wall-pressure spectra of sharp peaks, the frequencies of which

can be identified with those correspondinq to the onset of propagation

of the various orders of acoustic modes. The peaks are not very

prominent'in the separated flow region indicating a major

contribution to the pressure fl uctuat'ions in this reg'ion by

turbulence. They are very prominent 'in spectra both upstream of the

orifice and in the reattached and recovering f'low downstream. This

is consistant with the dominance of acoustic pressure fluctuat'ions

over turbulence pressure fluctuations observed in these reg'ions.

Relative phase informatjon of the pressure signa'ls from two micro-

phones (mounted in the pipe wa'l'l at opposite ends of a pìpe
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by a factor of fr.$ . The spectra show quite close overall

s'imilarity when related to the non-dimensjonal frequency

(ualcs)l,F-W based on thjs factor.

(8) The acoustic modes in the axjal velocity spectra äre detectable

above the turbulence velocity fìuctuatjons only in the separated

flow reqion downstream of the orifice and the measured mode shapes

for ax jal acoustic particle velocity are s'im'il ar to theoretical

shapes derived from calcul ated acoustic pressure d'istrjbutions.

(9) aMþ, which gives a measure of the extent to which shear flow

augments the phase velocity from the no-flow case at the same

K.., depends on nrode order, M^ and the djrection of propogation.x' o

Extensive ca'lculated results for various modes have been presented

The present work as djscussed'in the precedìng paragraphs, has answered

a number of questìons concernìng the'internal sound fjeld and its relation

to the characterist'ics of the disturbed flow in fully-developed turbulent

pipe flow with flow separation caused by an orifice p'late , and represents a

comprehensjve investìgatìon on the sound field ìn a pipe resultìng from

fìow separation.
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ADDENDUM
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