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I('III po rally dovoloping and llnoar, and t 11(1<orond spat iully devoloplng, st (lady
and non-llnour, TIlI'M' two sub-modols predict \'(Ilmity profiles possessing error
function and Blasius shapes I'PSp(,(·tivply. in till' zero boundary LtY(lr limit. Non
pnrallol I'lrrdH W(lI'I' formally shown to 1)(' small for tho zoro urrolorution, st oudy
ontranco flow. and by lr.foronre for its an'('INalin~ counterparts.

TIH' oxporlr-ioutal tronus confinnod the' prodlrtlons hy «xhlbltlng an in('rC'ils!' of
minimum critical RC'YI'()l!!ti number wit h exponent ial const ant. and boundary
layer thinning behaviour when vlowod from t ho physical co-ordinate system.
Furthermore, favourable quantitatlvo comparisons wero obtained between PI'(I-
dieted and measured laminar flows on tho basis of dlsplacemcnt thickness ,11111
selected velocity profiles. 'I'll!' exporirr-ontal .nceptlon curve for oach of tho twelve
tvsts was below its analytical linear stabillty counterpart, consistent with tho
prosonro of flnltc-amplltude dlsturbancos, These disturbances lncrnasod wirl,
acroleratlon paramot ('I' from about 1. ~% to 1.i%. corrospondlng to dlscropan-
rlos hoiwoon measured and prodlrnxl minimum critical Reynolds numbers which
ranged from about 12% to 22%. The disturbance magnitudes woro too low to
lnitlate by-pass transition, although r.on-lluoar effects wore certainly present at
this dlsturbanro [('V('1. On the basis (.f minimum critical Reynolds number, t ho
current work shows a substantially closer correlatlon t hnn previous pipe flow
studlos between linear stability predictions and measured deviations from the
laminar state.

In concluslon till' theoretical modo's developed in the present thesis describe
all tho important foatures of the measured system, Quantitative dlscrepunclos
hotwocn the two can be explained ')y finite amplltude {'ITer,ts whose origin was
, ho oxporlmental pipe inlet contraction.
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Abstract

This thesis is an oxporlmontal, analyticul and numerical lnvestigatlon of pipe
flows started impulsively from rest and t hereafter accelerated oxponontlally wit h
t lme. The broad objectives wore to reconcile measured base flow and transition
Inception dat a with linear stability predictions,

A fully automated and ccmputcrlsed test facility was developed. 'l'ho test section
comprises a straight glass pipe of ·lR,2 mrn diameter supplied wlt h water via
a smooth contraction from an axisymmetric pressnr= vessel. Flow rate control
was achloved using a magnetic flow meter in conjunction with olectro-pnoumutlc
valves. Flul« volocltlos were measured using a laser Doppler vcloclmetor. 'I'wolve
different cxponcntlal variations were consldorcd at a number of axial positions,
All showed initial boundary layer growth, followed by a period of thinning in
which deviations from laminar flow occurred within the boundary layer Mar tho
pipe inlet. The minimum critical Reynolds number in the pipe Increased with
increasing values of the exponential constant.

The unsteady, incompressible, axisymmetric Navlor Stokes equations were scaled
using instantaneous cross-sectional mean velocity, thus ensuring boundednoss for
the dependent variables. The resulting equations were U8(,(\ to derlvo (i) a high
Reynolds number approximation to the primitive variable laminar flow syston; in
which tha pressure term was formally ellmlnatod, and (ii) an unsteady extonslon
of the Soxl stability equation, involving no additional levels of assumption than
those traditionally employed in the steady entrance flow formulation. Accurate
numerical methods of solution were developed, utilising a mixed operatlonal-
Tau collocation method for the laminar flow oquatlons and an opcratlonal-Tau
method for the linear stability system. The operurional-Tau spectral method
was modified to avoid tho inversion of badly scaled matrices, allowing till' high
ordnr numerical solutions necessary in the current context, Solutions for the
stnbility of plane Poiseulllc flow and tl o Blaslus velocity profile with its nsso-
da,·.1 stability problem, wore obtnlned Ior vorlflcatlon purposes, showing the
method to be Iloxlblo, highly UCUf ••to and economical in terms of computer
time. Laminar base flow predictions and corresponding linear stability results
wore obtained in dimensionless co-ordinates for a number of flows varying ex-
ponentlally with time. At all times during the course or rkfV dovolopmont tho
laminar flow model was shown to (",)m{lrl~'" two major (I;:IIlI,·!'!.; (wit.!! an J!lIN"
fac(1 of lnronsequontial spatial oxtont ' 1\\'('('11 Ihorn): tho first hl'illp; pa rullol,
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I,Ul 'l'ln- \'ilria! ion of IIIl' parallel p.n.unotor ~('al('(l with 1'('sl)(l('1 to
(Ii~llliu Pllh'Il1 Ihic1;IH"'~ Ii,'" wit h (\i;;pla('(,lll<'lll I hkkll('~:; Il' • ill a
"I('i1d~"~,latl' pip,· l'lltl'ilW'(' Ilow, I'howiuf\ 111('Blusiu« limit at 11H'
ink-t. , , , , , . , , , , , . , , , . . , , , , , , :t!i

1;;.1 '1'11<' v, riuriou ol nonualis«. Ilowran: (JI(lll with tiun ill ('XPIlIl('Il·
lian, i[(('('h'rat iug pilH' Ilow, Ii11'\'iII'i01I~; \'al1l<'s of t lu: il('('('ll'l'at ion
)lill',lIl1('tl'l' ~l, , . , , , .. , . , , . , , , , , , , , , . , , . , , , , :i:!:.l

Iii,:.! 'I'he varintiou of nurmalised ('Pllt I'l'lilll' veloritv 1/'/['111 with lilll.'
ill pal' illel I'XP(llll'llliall\' a('('l'!l'l'iItjlll~ pip!' llow, 1'01'vnriou» \'all1(,'
of ~~, Also :,1111\\11j,. Ih" ('lltralH'('·t;!ll(' J; Ior I'lIl'h ;U'('I'!(,l'atioll, , :ia:;

Vi,a 'I'lu- vuriatinn III IhI' out uUU'P f jllll' '1; Ii r parallel (,XllOl1(,llt\al1~'

an <'I('rat ill!; pip(' Ilow, lor \Oll'ion:.; value of till' il!Tl'h'ratioli l,a,
ranivt pi' !l. ",",.,""',..,',,',",'.',' a:l!i

; ,;, 1 'l'h« v.uhu ion or dhpliI(,Plllllit 1hidml"is wit It 1iUH' ill parallel I'X'
punonilullv il!"'I'!t'ratillg pipl' llow, IiiI' "al'iultH \'all1l':-< of Ihl' al'('pl·

('ralioll pat'i1111I'tl'I' ~l. "., .. ,.,",.,.,"""" :tan
15,:; 'l'ho vnrhuion of <iispla('l'llll'llt Ihil'im!'ss as I ''', b·,,,.J H. with

i\t'('ph'ml ion JlilI'tIllll'l 1'1' !~ill .~ para 111,1 I'~:polll'lll iallv OlI'('('I(lratiul\
piPl' Ilow, ., . , , , , . , , , , , , ., ".,',',"'" aa,'

l:;,(i rill' varlatlon of velocity prolih« at f oc' " with 1H'l'(lh'mtiul1
"arallll't (11' ~!ill [lill'a\l1'1 (lX1HIliI'II I Iullv ill'('I'II'I'at it g 1Iil)(1 Ilow. aas

Hi.i 'l'h« ,'al'ial lou or I'dHlPPPHI'nllll" 1'1' .c,' wit h I iUII' I ill plII'ulI"II'XlH)'
uI'1I1lnllv ,lI'I'I'It'rat iug pip!' lIuw, Ior var~'hl'~ vahll'!'l (If tIll' ,H'I'l'h'l"
utinu IHll'illlll'll'I' H, ".,""",.,"" ,.,',., :i:m

l:'i,H Till' varintion of h(',lltotl simpI' llill'HlIIl'tl'l' .'i~.with thuo I iu purul-
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m'('I'II'l'iLtion pal'Hllll't I')' ~l, , , . , , , , . . , , , , , . , 'J,1Il

Ii!.!) 'l'hv \'ill'iatillll Ilrs('all'tI simpI' }lillillll('"tI'l' S". with tlh,plal'l'llll'llt
t hirhlt': '. ," / Ii ill [IHI'HIlI'I I'XpOlll'1l1 inllv ,H'I'plt'rat iug pi}H' 11(1w.
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of lhnit hw. \'alll('}; in I .,: '''''~'!Pl'I!' IHll'ilI1I'IIH)1l1ll1'l1'~'"lavl'l' limit
m' I ·0,
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la.!) Tho (\il~!'lISp('(·trlllll for tlU' ('\'PH lIH)(l('~ for plune-Poiseuillc flow
wit 11CI 1 and HI !ill 000. . . . . . . . . . . . . . . . . 2i 1

la.';" Till' tvmporal cI('v('loPlllPllt or till' rontrelinv vvlocitv in all iiupnl-
siwb' I'tal't('(l ]lip!' Ilow fill' from tlip illicit .•...•.... , ..• :!I'l

l:J.H Till' variation of t lUI .iisphu·('llll'U! t hidm(':-;:, b- wi. It tinu- ill all
illlPllbi\'('l~' :-.tal't!'(lilip" How lill' 1'1'0111til<' inlet. ." ..... , 2~a

13.0 flu" varia! lou of t hI' ~IH\}l('IHll'i\llwt('l' ,,' wit h j iull' ill 1\11 hupul-
sivolv stal'l('d pip!' Ilow fur Irnm tit" iulr·l. .,.."...... :{Hii

l:i.l0Tlu' romuoral variatioa of tit!' nonuulised wall I'll!' .. r sll'(':;;; S~. ill
hupuhdvolv startl'(i pip I' flow fill' Iroiu tIl(' lulot. ......•.. :.!H!i

la.11 'I'ho variation of llH' uonuulisod shup« I»umuot ('1' •..,.~. with t1iK-
pliU'Pllll'lll Ihidml',;K I'· ill all illl}llllsiwly start!',1 pipl' flow fill'
Irum t.Il(\ iulot. t t • I • • • I • • • • • 2~7

13.1ilTlu' ,1(lv"ioJlllU'Ut. (If tlu laminar h(l1lll<iar,\' lit~'N' OV('I' It fl".t platt'
Itt Z(,l'O iJl.dtl!'IU·(l, ",."..,"",..,""",., 200

H.I 'l'ho lI()l'lllalisl'c1 ('('Iltl'pli)l(' \'('l()dt~· II,.fFm• compan-d to tho 1'('.

snIts of dn Silva (1!l!l()}: 0, cia Silva: ,pr('sC'ut, .,."",,:ll [)

1,1.2 '1'111'variation of t hI' nonualis«! ('1'111 reline wlodly Il/,/Um with
nxiul Ktatioll ,I' ill It Htl'adY·~'llItC' pip!' vntrunco llow, HllIlWill~\ t11('
(']lt1'al\('I' !<'llgl h ;':" , , , , , , , , .. , . , , . , , , , a:.w

B,a Tlu' variation of t IH'diHlllat'l'lIll'lll thi,'!\llPI'H b* with axinl Htlttioll
,I' ill It Iit(,i\(l~ '~IILtl' [lip(' ('llll'IlW'(' flow, , .. , , , , , , ..• , , , :321

H,·t 'I'h« v iriation of 1Ill' simpI' punnnotor ".;with axial station ,I' in it

Htpatl~·"'!iti\tp pilH' PlltralU'p 11<)\\,. .."., ... t , I •• t I •• a:_!2

1,1.1; TItI' vamuiou of tit!' 1i('abll'lhaJlP jHlt'HIllI't<'l' .'io' wit It axial stutiou
,I' in it Ktl'ady·}(tall' pip!' ('1l1l'alll'l' llow, , , .. , , . , , . , ... , :l2a

1-1.0 Till' vnrtatlou or 1111' ~!'l\h'd ,,\t,q){1 purauroter S·". with dlspluco-
lllPH! thklm!,}i~ h'. lor thl' two ('ar;('~ or pm'all!'l lmpulsiv« l)i1>('
Ilow (n • -), awl sll'iUj.\'·~itatl' pip(' I'lllri:lll'I' llow ( ), ".," :32,1

1·1.j ,\ ruurputisun hl'(wl'l'll tIll' pnrullol nud Blu:.;illH hlllllldal'Y Iny-
I'l'~'Ior idr-utirul clbpla(,(IIlIPllt Ihkklll';,s ,~': • jl:Lrall('1 houndurv
lil~'l'l':<> .-. "', IUaHins proiil«, . I • I • t ••• I I • I 1 I :i:'!r)

U.S '1'11(1varial ion 01 I Ill' 11llI'aUl'iIMl'HIilI tpl' /,' with dhipitll'l'lHl'llt 1 hick-
11l'~iH b' ill u :-.II',I1I\,-r;11l11' pip I' Plltt'aw'l' How. """"',. a:lU



!1.l1i TIt(, vuriutiou of t Ill' (lXP('rillll'lltilll~' un-nsunxl iuiuhnum l'ritil'nl
Royuold« number with <t('('P}"l'atioll factor h ., 1ll1'ai'Ill'!'(1 <lata;

, 1'I'Al'!':-;~i()ll ,'1Il\'('; o. ('01'1'(,,'1('(\ value for EXPU; n, thouret-
kal linear nuuuuum nit kal H!'YllOl,j, numhor fill' st!'iuiy pilH'
!'lltl'HlU'(' Ilow [Ahllllf ,v ?\Ioss (lH!lllj, , .. , .• ,. I •• , , , • IN:.?

10.1 Tit!' radbll'(HH'(liuilt!' s~st('lll fur pip" !low. Ull

lll.:,a Tit!' simplili«! co-unllmue S~'l«t!'lll flll' axisvnnuotric pitH' flow. WI

IO.a 'I'llI' varlntiou ofa 11l'llpral flllH'fiollll'(.l"/I) ill tllP mllll!'.1' C fO,k),
II [n.1]. . ..... , . , . , , . , , . , , . . . . . . . . llhi

10.,1 The variatioll of' it 1l01'1l1<1Ib,',1 1'.l'Il!'ral Iuue: lun /1'(.1'. II) in till'
ralll\(' .1' !: [(J,t ..[, II ( [!l,l], showing til!' encnpxnlntlou of tho
unhomuh«] variat inn of IIll' ol'igiulll 1'11111'1ion II' iu t 11(1t ('l'1I1 It 'u- • l!l7

lO,n '1'11(, (,m'c·t of til!' \';ll'ialll(' lIlilppill1\ ,/' Ie • .I' Oil f II<' p<,I't'('jltioll of .'.11
ill1\llllsiwb' sturl< II und vxpououtlully IW('I'it'l'Millg Pl1>(' I'lltl'i\lH'I'
v('lodly !low tiutiimt('lillsilll\ (lifill!al'PlUNlt thh'ku!'I-iH "') ill tliv
dlmonsiunloss ('11-0111 rlinnto systl'lll, from a pmlitiou of ('OIlHtllllt ,I' in
t Ill' phvslcul ru-unlinuto svstom, Tit!' dashed lines ilulimt\' Ihll'H
of ('()UHtalll ,I'. Till' Ilh\,!.il'ill vuriatlun of b" at all ,I' stution .1' ~CJ /,'

is iudklltl'd ill dl(' Ih'l'olllpauyinp; plot. , 200

11.1 A t ypkal ouo 1limvusionnl Iiuitf'·tlilfI'I'I'IU·(' gritl.

11.2 Till' 11l'IH'P"H of uuuu-rlcul Ionuulntlon and numerical selutiou, . :!:W

12.1 '1'11<' (lalll'l<·Loh;Jto gl'icl point::, 1'I1t()WIl 1'0)' N 20. . .•.•.. 21)0

1:1.1 'I'1H' (·IIt'Vl'l« of l'OIlKttIUI' tt'lIlJlOl'al amplilieatku; fo)' llllUlI"POjr;Pllill(1

Iluw [Slll'll (1nil 1), nftN' !.in (1 !l.'iil) J. . . . . . . . . . . . . . . 2liD

1:1.2 The solnriou elutnuiu jill' till' :oilahility of Ilow hotwoon llill'aUpl
l>l.t!t':-i, ~"."".".'«" fl. t I • , , •••• ~ , I • 2r",

l:l,a A Iil'hl'lIlatit' 1'1'111'1'~I'lltati()llllr tIll' uoutrul :'lahility ('1\1'\'(' fol' Ipm·
porul dbtlll'halH'I'N ill plane-Polseuillr tlow. ., 2(ii\

l:l.,1 'I'lio variatiou of I', \\ it 11Hl',\'uoltls llllmill'l' Ior a purtkulur value
or tlu- \\'\\'"(\11\\111],"1' n. ..... .. t • • • ~ • I , I • , I I I I • 2hn

la.1i TIlt' l'i!"PlIl'i{l('{'tl'1ll1I t~ll' till' ('\'1'11 1IIOtit'K Ior pluuo-I'olsenlllo How
with II 1 'uul NI l!l 000. !\Iudl's lllUU\H'l'l'{l 1t('I'(ll'!lillg to Ill!'
;Whl'llll' of :\1"d, (l!li(i\, ". ,1 liuuilv: " P Iuiuilv: tl, ,.,.l\tl Ilib'. 212
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!1.1 'I'ln- vuriutiou of inroptiou I hue aiul HI'\'lIohl.; 1I11111bl'1' with .t:-:ial
pnsit ion lin' Ill!' 11'.1 EXPE (/.' O,Il:i. Ht II :1I11s), ......' 1i I

!l.:! 'I'll .. variatiun Ilfitll'C'ptioll tim« 011111 H"\llOhl~, 1111111"1'1' wit It a,;jal
pnsitinu Ior tht' tt'l;t EXPF Ck !l.U:;, HIli :!olHJ. til

!I.a '1'111' varintion of illl'I'ptiull !iIIit' ,11lt1HI',\'lIllhb 1I111111u'1'wit II ",.;j,tl
}lo"ilioH fOI'l h.. Il'd EXl'<1 (I.' o.ur. NIII :l01s). 1,1

!)..1 'I'hr variatioll of illl ,'plillll lillll' <11111 HI',\'lllllcl" 1l1l1ll1H'1'with u cial
jlm,it ion lUI' thr- 11':.1 nXI'.\ !k (l.Il:.!, N," 2!1:i!Il. • .... ,. 1i:'i

!).!'I 'I'hr variutinu III illl''';ltioll Iinn- illllllll'~'ll(lltb 1I1t11l111'1'with a\ial
JlIlHitiull lell' titl' tl';,t FXP,\ (I.- (1.(11.1hll lHll. ., .. ". li.'l

!l.(i '1'111'variation Ill' illt'Plllioll tinu- awl HI'~'lIl1ltbnuutln-r with axiul
JlIlHit iun 1(11' IIH' t nit FXPB Ii.. 0.(,:'" iiI n ,Iu:n. 1'1:1

!I. i TIH' va!'ial ion of inn III lou t ill1(' ,11111H(',\II1.hb iuunlu-r Will ill\ial
pm,ilion fot' till' tl'~;1FXl'<' (I, (l.Ui. n" ll,l:11. liH

!I.H '1'111' \'al'i,LtiulI or iUI't'plioll Ihlll' awl H(',\'IHllll!11l1l1Uh('I' with ,Ixiili
positiou fut' IIII' Ip;;1 FXPII {I. II.Oa, Rc« . ,(I,1al. . l'l(i

!I.!l 'I'lu: \'i\l'hltl!lIl of ill('l'jllio11 tiU1I' uiul H('~'llillthi 1111111\1('1'wit II axial
posltlon fol' Ihl' I('st UXPA (/.. 0,0:;, Ihu (mill). ., ... ,. tIll

!l.10 Th« vnriatlou or hlt'('ptiOIl !illll' .uul Hl'yuoltlfl 111111111(11'with n:-dal
pO'iilioll fill' tIll' tl',~1 OXPB II.' fl,!li. UIO .li;'ilO). ,." •. , IIi

!I.ll '1'1111 vuriution of i11('pptioll ihno nrul H('yuoltlH Illlluill't, with Hxial
IIO:Hliuu for till' I(,,,t OXP<' (k unt, UIII· (iili0), 1,i

!l.l~ Til" variatiun of ill('l'lllioll thlll' 1\1111HI',\'l1olth; 1I111ll1ll'rwlth iIldnl
I'm.it Ion lor tlu- 1('"I (;~:Pl) (I.. (l,n:i, Ihu liii1{)]. " ••• ,. Iii

!1.1:i 'I'lu: variatioll ot'l'xlH'rillll'lllall'l'itir'al H('~'ll(l!th umnlu-r with axial
J!.l~ititlll , fll1' t h« (I.,~I (~XP,\, 1.illI':! or UU'OlU Ilow '('Ollv(,(·tiou' an'
abo xhown: in) p.uullol cil'\'I'IIlI.llll'llt l'I'niou: (lIl, ('ull'allt'(' I'l'giou:
(I'). urinhuuru crlt kill point. ,...,..,........,... I'm

!1.1,1 'I'lu: itlf(ol'l't'li fllwpl' of IhI' I.(i\hilil\, ('\I1'V(' mul \\wl!HloWIll't"',ioll ill
tilt' pipl' ('lltt'i\Il!'l': tal. 1'I'I\illl1 (11' linem 01' smnll umplltud« hlhta·
hilitv: " 11I1I\'('('t lun HIl(1 1',l'Ilwt It of 1\i"llIl'lmtu'I':,: (Ill. 'Irunt ' at
wltklt IlII'hll!t'Ut'\' 11('('I\1':i: 1('), 1'I'!\iuu (1('"tilhili~('(1 II,\' Ill!'I'.!' 1\i"tHl'n
lmlll'p!'i frutll t hI' iulp!: {ti I, 1'l'lal i\'l'I~' 1I11(lislIIl'h('(1 1'1'~'.lIlIl of Ilow
;;('('11 PXIH'l'iHII'lltall~', ", .• , ...• , .• ", •••••• , •• 1:-.1
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S.:!l '1'111' \'al'ial iun ill ":'\IH'l'illll'lltal lihapl' paral11t'II'l' uiul tlbpliH'l'llll\lll
Ihirkue-», It:, a 1'11111'1iou of t inu-, Ii11' IIll' It'~1 IIXPA (I. (!.II:!.
HI II :W:i!ll; o, 1I.\(; (,I iN l1:1.;;i): h HAIl (,1'/ U - S}.(i:!):
•. IL\t (,I'/U :; 1.:;(i): ". II.\.J (.1'/n :l:!.!lll):" IIAI~ (.r.! Ii '
11.11), .• , , , , , , , , , • , , , , , , , , , , 11,1

S,:!:! 'I'll" varhu ion ill I':'\pt'lillll '11al ~,hilPl' pill"llllt'Ipl' uiul (Ii~,phll't'lllt'llt
I hid:llt';i;i, 01" a Ium-tiou 01 I iiu«, fol' 'IH' t t'st FXP.\ (I.- . (I.() 1.
nlu 111:1): ". FAil (,I'/U :!:i.;;2): I. l'~\l (.I'IN. l:Uli); x ,
l·~\a (,flU lii,:-:1), ,." ••••.•..•.••• , •• ' .•• IIi;;

g.:J:i TIll' variutiun ill t''(pl'l'illll'lltal ;.hal!'· !lamIllI'I,,!, und tli:'lllou't'lllt\lIt
t hirlau':''>, ib a ftllH'thlll 01 t inn-, (ill' t hI' t !':.it FXPB ll,' ,(1.0:;.
Iu « 111:1): ... FHa I.I'IU la,Iill); I. FlU (.1'/U ,1,LlH):', .
FB:; (,I·m lHI.:i 1). .., ••. , .• , .•.••.• , .•••.•• lIHi

1\.21 Tit" variation ill «xpvriuioutnl :.ihapt' pnl"lIllC'I('l' 1t1H11!i:.1)lm·"lllt'1I1
I hklm('~,:i, II:. il Inw'l ion of t iIII!'. fol' Ilu' Ip~1 I X1'(, (J." ()'Oi,
H'n IHJl: ", F('a (.1'IN :11".:11\\: I, F(\l (,I'lll i!I.!l(i). tuu

S.:!:i 'I'lu- variutiuu ill t'''llI'l'illll'lItal :.haJlt' PiIl'illlll'tt'I' uud tlbpla"PIl out
Ihid, III''':'' as a fU1I1'1Ion of Ihue, Jin' t IH' Il'sl l'Xl'I) (I.' Il.oa.
u.; ·11l:~):'. Fl>:! (.r'lli iO.;;I): +. FDa (.I·IH ~ ali.all. Wi

I'.:!ti Till' varlnt inn lu oxpvriruoutul Hilalll' IHll'allll'lI'1' awl tlbplal'I'lIlflut
t hidml'lN, H~i H f1l1u" ion of I huo, till' (ht' 1l')it (;XPA (/,' !l.Il;;,
u.; li:;1(1): (I, (l.\(i (."Ill lUll): I, <MA (,r'IH .~ ·1,1.,10). W!I

''''.:.!'I Tit" varlat iOI! ill ('Xjll'l'i!IlI'lIlal }ilmpl' parault'II'l' ami 1l!"lllat'lllIWlI!
Ihidwl';i; ii', a Ium-tiuu of thu«, IIlI' tlu- (I';it (~XPB (I.- (I,Oi.
UIII Ii,!Ill: ". UBU p,/U 11 ill: I, «m (.r/U ,lUll): ,"..
(m,l (.r/U NIl.ill), ....•.•...•.• , .•• , ••••... 11m

S.:.!I' TIlt' '''1'' rluu ill ('XIH'l'illll'lltal HhalH' pat'tlllll'tl'l' nut! tlhlllal"'III1'U(
Iltit'l;il(';'~' w, a Iunctiou of lilll!'. Ior t ho 11',,1 <lX.I(' (f.: n.(H,
Il'II H:;lOl: tI. (WE (.1'/ /{ 1I.1!I): I. (WI-' (.1'/ H :!-I,!i!'): '0(.

(l('(, (,"j/{ II.:!S). . lin

S.:!!! 'I'ho varintiou in vxpvriun-utul fllmpl' Imt'allll'tl'l' awl ,lbpl!II'I'IIII'UI

tltidml'~i'i, O\)ia lunr+iou 01 tiuu-, lill' thl' t('~t UXI'Il (k' (J.n:!.
HIli (1:"10): ". tH1F (.1'/11' Ij't.1l11:·. (:J)(~ I.r/lt' . :iU.!ll). I ill

'em Till' OIPlll'O'(illm(1' varia'loll or t hr Ilnul parullol llow "hilJlI' parntu-
1'11'\' wit h an'I,lt'ral ion fad Ill' ~,: ", 'E' l,l'l'it,:. of h'lih: , I, 'F' :.i1'1'i<,:-.
of Il'l,b: ' " 'li' ~I'rit'"of 11',.1,,: • linour I'q',I'I'1':,iOll liur: :.ha(h'll
n'gioll. 1'I'lI,iollof uruvrtnlntv. .... ., ..... , ... " .. 1i:!



s.!) Normalised wlocity pl'OliIl';; for till' II'SI IL\(; (.1'/ If oc: 1l:l.ii7l,

K.lO Volucitv 11l'OUh, [(11 tlu: (I'sl 11.\.1 (.1'/ U ._"':i:?!l!Jl, 1'1'Jll'l's!'llt('(1 H~
n ~l1t'fill·l'. . ...............•..•.•. , •...... 1·17

X,11 Till' variut ion ill disttn lmnr« intousltv wit ~l tinu- at l'I'ntl'l'lilH' uonr
till' pipI' Inlet, till' thl' (I';;t FXPD. ., l1iO

~12 TIt«, vuriat' 'I ill disturluuu:« llltl'lll'it~· with rat(' of oxpououtlal
l\l'I'I'I<,l'a( ion, for t In- llow at rout I'l'lilll' 11m!' till' pip(' inlet. . . . . Vi 1

K.1:i TIH' pU\\'l'l' };PI'I'!l'lIl11 for th« ('l'utl'Pliul' Ilow at tho inlet, for tIll'
(I'H( FXPA. Data l'l"Nalllp!p(1 at 100 Ilz, Iii:!

K.1·1 TIll' IUH'on'I'(,tl'll oxperinu-nt ul I'lmpl' purnmet P1' as a Iuurt ion of
tiin«, for the ('Ht FXPA, :.;llIlwiug th« ,;rK(l'lllati<' dl'vjalioll 1)(,-
I\\'!'('II 1'1';;l1l1s Irmn (Ill' dilloront uu-usuriun stutious: (1), l'~\()
(.I'/ If ,~"il5.n:l): (2), l'~\l (.,./U la.Oi): (a), l'~\a (.1'/n (ii.sI). Iii:;

1'.10 Till' ('01'1'(1('(1'(1oxporimentnl shallt' pm'allll't!'l' as a Iuuetion of
thuo, for tit!' tl'~t FXPA: (I), FAO k/l? .-" 2ii,1i2): (2), FAI
(,1'/ U .-c la.Oi): (al. I,~\a (.1'/ H :.., (ji.~ I), .••...• ,., .• ,. 1riO

l'I.l(j '1'111'variatlou of the ('0)'1'1'('('<\ volocltv prolllo shapo IHU'ltltlC'tl'l'

with thuo, fol' tlH' It's! FXPA: 0, FAn (,1'/ U :::: ~ii.1i2); " l'~\l
(.1'/ R " la.(7): x , l·~\a(.1'/R 07,1'·1); ,lIlf'1l1l Ilttorl linos, llii

1'.1i TIH' vnrlation ill oxporhuout al (li~lllat'('IlH'lIt : hkklll's:; as a Iune-
tlon of tune, for tllll h'Ht FXPA: 0, FAO (./~/R :::;21i.;;2); " 1...\1
(.1'/ U :.C' la.Oi); :.., FAa (,1'/ If 07.1' 1): ,IlH'ltU iiI tod lln-s. 15x

Ii, II' Tli« .'al'iat ion ill ('xpl'l'hIlPu( ill slu\pl' IHll'aUl(lf 1'1' aIHI tliHpla("'ll1l'll(
Iltidml'sH, ill' a filII' don of time, lor Ill(' II'H! EXPE (I,. ; ().(la,
Rto :iOll'il: o. EEl (.1'/1/ U.2·l): h EE2 (.I·/l? :::; :W.21i): x,
EEa (.I·/Fl .. (i·I.i!2): "" EEIi (,!'/n :32().!'iO) ." ... , .... Hi()

H.1!1 'l'h« variation ln oxprriuu-n! ill ~ltajll' punuuot PI' 011111(li~Jllm'l'lllt'llt
I hkkll(,~:i. It" a luuctiou of' time, Ii11' t hp Il'st BXPF (I,. ().O:;,
]tco ;iOll'i): o, 1':F1 (.I'/U (i:l.Gll): ,I" EF~ (.I'ln ·HUll); x ,
EFa (.1'/ n la.I!l). . , , , .. , .. Hill

H.20 TIll' variutlou ill (lXlll'l'itlll'lltal..!liljl" puramotor mul lli'''pliv'1'11II'llt
thidml'~". a:- H fmwtioll of thn«, lor thl' tpst EXP<; (I,' _ !l.Oi.
u.; a(}l~): o, E(HI (,I'/R l:l.·l!l): r, IWI (.I'll? OM2): ;'.,
EU:.! (.1'/ if Wit,mil:". En:! {.!'/ U S·1.1'{ll. , .. , ... , lIi1
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i,lli Tho varint iou of t IH' llu'a~\ll'('(1 Rovnokls uunihor with tinu-, felL'
t hv !('sls: (1). EXilE: (:!). EXI'F: (:n. EXPG; \,1). IIXPA;·~ ".~.
I'XP('('II'(I varint iou: • .u+unl variatiou. ., .. ,.," , , . , , 1:!!i

i,1 i Tho variatlou of thv 1ll!'a~lIn'(1 H('rll(ll(l~ uumhor with thue, for
tlu- tl'sb;: (1). FXPA: (2). FXPB: (aJ. FXP(': (1). FXPD; ,'~. ".
I'xpl'rtl'(l variutlon: • uetunl variution. ",.". , .. , , , , 12i

;,11'1 Tho variatiou of thl' moasun-d HI'YllOlds muulu-r with tiuio, for
thl'll'sls: (1). (;XPA: (2). (;XPB; (al. UXP(': (1). GXPD; ~"'''',
('xI)(·(,tl'(1 variation: • actuul variat ion. """",., , , , l:!j

i ID TIll' (I<'lillitioll of t lu- boltllllal'Y 1i\~'1'1'di"JlJa('l'IIIl'ut thil'!,II!'SS, The
ilO\~'s I'l'pn'sl'utl'd b~' tlu- two sharleil al'!'as u ,~ 11 ... I' '" tl und
tl " 1/ .r an' equul, ".,.".,...,.......... lao

i.21l Th« upproxhuat I' points 11;-.('(1 to oxtrurt t hI' wall derivative aut!
('('uln·liul' volorlrv Innu i\ uonuulisod volocitv prolilo: (1\). points
IIs('(1 to Iind t hI' wall dt'rival iw; (h 1, poi III lI!,l'd t () (I\\t I'l'mitu\ till'
(,t'utl'l'liw' \'I'!ol'ily, .. , , . , ..... , . , . , . , . , , .. , .. l:i:J

1'\.1 NOl'uulisl'(1 volovitv profiles for III<' 11';,( FB:l (,1'/ H :::-:la.(i[)), 1'('11'

1'1.2 SIII)(\l'iIllPOSI'I11Hll'lllali:-;l't! vclocitv t rae(':; for 111(' I('st FBa (.1'/U :::::
1:tUH1. from s('I<'('II'(1 radial stat inns: (1), rj l! :.:~(J.Di:): (2).
I'/l/. n.D:t!; (:n. I'/l? O.X(Hl; (·1), I'/R '-',O.X:3H, (!i), r/ll ~" 0
(coutrellno). . " ,', ,.. 13~

S.:! Nonunlisvd \·p![)dt~·lll'lllill's for till' t('~1FB,l (.I·lll C:~ -l-I.til}, l'('Jl'
[,(,»Plltt'll as it ~1\l'ra('{', •• ••• ,.,.., ••••• ,....... Ian

1'1,,1 Nonuullsed \'('Iodt~· prulile» lor I ho host FBri (,1'/U ; ; !lO.!d), rep-
HO

l'\,:) TIll' 1I'1lllHlral varkulon of (lillll'llsi()lI!l'~s ('l'lltl'l'liIlP wlodty ill
rim«, Ior Ih(' II'~I FXPB: ". FBa (.I'/l? la,Ii!l): •. FBt (.r/If
,I,UH): ", FB:) t.r] R !1Il..'iI), ." .... ' ...• ,.,' ... 1·11

S.1i 'I'h« \'(Ilodl,\' prolilo lrour th« Ilhl FB.'i V/R. !HUH) at rhuo :~2
SI'('olltlS: ". 1lIl'a~\ll'I'tl (1011a: . illt\'l'}Hllatl'd 1'111'\'('. .., •• ,., 1,12

1":; \'I'I()dl~' prolik« for IIH' 11';-.1FDa (.1'/U
1\ sl1l'i'm'('. (1). t hI' lulot lnunp.

:{o.:n l. 1'I'Pl'l'!'i('lItt,tl as

H.i'I Thl'tll'\,plojlllll'111 (llthl' 1'11II'IIIU'(' 'hl1l11P' with axial position. Ior

t lu- 1(,,,1 EXilE. TIll' dnt tvd Iitu ~ihow" t h« upproximnt« IO('Ill-l of
IIll' inlot lnuup.



7.i Sl'ah·(l velocity time Irm'('s ('Ol'l'(lspoudit:p; to till' velocltv pro-
fill' FBil. illust ral illl-\ til(' poillt of doviation Irom lumiunr Ilow
ill t h(' pip« 1'111rail!'!', 'I'll!' t l'a!'I';, correspoud to t h(' following rn-
rlial stutions: (1). r ::._;1I.!li3: (2). r c.c O.!1:i2: (:l). I' -.: o.!Jao: (1).
l' '" (l.OOi: (oil. r O.H!';:i: (Ii), r ..::'O.H(i;{: ('n, r ~. O.l'ill: (H).
r ~, ().~l!): (!J). /' o. '.".,.,.,""',.,'" .. , 11:1

i./'{ A tvpieal velocitv • Iime tra('I' ill IhI' houndarv lay('!' at t hI' Ilipl'
inlet. showiuf.'; IhI' pnint (If deviatiou Irom laminar flow, (1 I. ve-
lol'it)' time tl'Il('pi (2). volocitv time Ira,',' normalised with I'l'sp('('1
10 mean ('l'OS,;-:,wl'tioual \'l'lodt~·: o, poiut ofdovi-uion: •• point of
truusltion. "",.,"""""""",.,"" lI!i

i,O Till' uaturc and thninu of' hp truuxit.inn pheuunu-nn ill thl' pill('
ontraneo l'PI.li011, Data i" !i('1<'('(('11 from t ho tl·~t (TXPA, Axial
Cilatioll:; at'P: (1l. ,1'/H :.= 11.:i; (2). ,1'/H -" li.(;: (:l). ,1'/H r..; 23,Oi
(!). ,r/N '2,-;,1': (il) •. -tu aa.o: (;), .I'/R ::; ,11.3: (i), ,I'/l? '"
(i(i,2: (1\) •• I'/Ii : . H2.0: (!l) •. c[R r.: 112.i: (111). ,I'/Ii ::: 122.0;

"_. ~'. itH'pJlI inti (dovintiou froiu laminar Ilow): • trunsitlonnl
bohuviour. .".,....................,.,.. 1Hi

7.lll A wlodty - HUH' tl'ilI'I' ill t )1(. pip I' rontroliu« fur downst roam,
:<howill~ IhI' (·(l1l\·P(·It·c! turbulent front. TIl(' datu is EE5JIO:-l2.
wit h uxinl pusition .1'/R ~, 320.50. ..,.............. 11t{

7.11 Multipl« lra('('H from tho llll'nsll!'ill~ stntiou GAO. (,I'/I?:c:: 2H.7(i).
illustmtiuu 111<'variahility of I Ill' point of inroptkm 1\11<1 til<' n"
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!!I.U TIll' l't'latioll:>hip hpl WI'PIl till' 1II11'I'ltaillty III IIH' positlou of a
I'U1'\'P, uud till' Illu'l'l'taiuly ill t IH' }lo"il ion of its mlnlnuun point:
(a). Iittvd rtuvo: (1)), p(l~l'ihh' \'alill v.u'iatiun of lit, ., ..... ·Hill

J !1.lOTht' varia! ion of (Til iral ,li!,pla('l'llll'lIl I hidalPiiH h"YIWI(\', muuhvr
wit II axial pm;iI lou, Ior \',U'iOIlI" \ ahll'H (If t IH' l\('('I'I('t'atinu panuu-
1'11'1':[u), l'IIl'\'P!-i {'x'I'adl'll 1'1'0111 IIll' lilt!'!l I'Xlwl'iUll'llt all'lIl'ftu'l':
thin liJl(·!'l. Ihl'Ol'I'I ieul Mtahilil~' ('IU'\"l'S. • ••••••• ,., •••• ·Hi·

l!I.l1 'l'h« vada! ion of IIll' H~r:-; had\l.\l'Olllltl (lisllll'ham'(' umgllit \lIlt·
wit II 1l1'(,I'Il'ra1iull 1)111'1\1111'(('l', 1lI1'as\\I'('11at (('lItrt'liIH' near !II<' pilll'
illl!'!. .., ,', " .. ,., .. ,., ·HH

1!J.12Tlw l'('(hll'tioll 11oxporhnoutul minlnuun ('ritkal H(·yuolds nmu-
1)(11'wit It 1'1'1'11)('('(In 1111'linear th(·Ol'~·. wit It distlll'hmu'(' umpllturle ·WI'i

l!l.1:i'l'11l' 1')0:))('('((,11 nxluctton ill tho llIilliul\\lul'l'itil'nl H('YllOl<ls Ilmulwl'
with l'1'!'ill('('( In 1111'llnonr 11\('1I1'.\'. i\:'; tln- Itbtlll'lmlu'(' nmplitudv
ap}ll'tHldll'S '/.I·l'll, ...,...........,.,."...... ,wn

A.1 tTUSltlllot hllli IlOWllU·tl'1· (1111it from th« tl'~t EXPE. l'Ihuwill!', till'
illIII1!(' hl'Oatll'uitll', ill !hI' <lata. Tit!' Inll rung« i~;+I]». . ..... ·Ii;;

A.2 'I'lu- di"!l'il>nl lou uf lilt' t1o\\,lIll'!l'l' (lala al101\1' I'llI' 1ll1'l\11. TIll' hor-
izuntul ~l'i\It, i" 110l'lualifil'(1 with l'l'~lll'('1 10 t ho Iull l'llllf\l' (ill thls
('1\,,(' I I/H), A uuulol (~a1\!,,.iall distrlhuthm is I'lllOWII HIlI!N'im-

pwwd. , , ..••.... , .. ·IiG

.\.:i Till' ('ll'I'I,t (II Willi varluldlitv Oil IhI' pst huntiou of till' volovltv
(\prival ivr- Itt !Ill' llijll' wall. . ..... , ..... ,." ..... ·li7

A.·l Nnnn-rlrnl veku-itv prolill·. l'ihowilw. l'iilllllll<·<!!Juiu!':> to III' lIS(Il! fol'
I In- (',.thuat inu of t hI' lut "I',l'at ion 1'1'1'0['. •••••••• 'IHO



lK.!! '1'11(' vnriation of Ililll!'llsulIlit'ss llislllal'PllH'llt thklol('KS with di-
ll1C'll:-iiouit'NH nxiul posith.n. lin' til!' h()Il1111al'~' layl'1' thiuning por-
tion of tilt' 'E' H'til'H of II'~t,': ., EXPl'; (U ::::;:.!(l); 0, EXPF
(H:::J :l:il; ,). EXile; (~~~ ,1!i); '. IIXPA (S! ~ 1:1): , th('Ol'l'tkal
curves.

IH.10A i'i(·hl'UHttil' l('lll'('}iPlltatillllll! th!' portiou« oftllp llow from whore
velorirv }Ii'oHlt·I./ ,\7I'l'f' ohtaitll'I\: la) prnlih« Irum till' parallel lIud
Ihiuuhu; Ilow: (II) Pl'01il!'" from t IIp purullel Ilow l'l'l~ioll • tii!lI'l'Put
IUTl'lt't'at ion lmrlllll('t('l';'. •• • • • • • • • • • • • • • • • • • • • ,1-1i

11".111·:::pC'riuU'lItal wlol'ily prolil!';; Irmu tho purullol aut! ('nlmm'(' rI'o

1\iol1~ of t hI' tlow, lor !lit' ~Iillinn gy.;:! (.1'/ It :W.:lii, U ~ 20):
C', t 'i.(i"!i:., 1Il :1 (jlill'illll'lllt'\'('lopllll'lltj; x , I 2.152 ,,; 10 :J

(('utmw'(' llow): t hi' two KoU(1 llnos 1'l'lll'C'IWlli tilt' !'!lllivilit'ut. lIU-
IlH'l'iI'nl purnllol 1IIIIII'IIt1'1\11('I' flow PI'OIi1('H. • •.••••••.•• ,HI"

11".12'1'1l1' variurkm lu thl' N\Wll(' or till' veloclty 11lOIil(' with {l('{'(lI(lmtiou
llal'atHI'II't' ill fIJI' )III1'a11l'1 Ilt'\'('l()llill~ l'('giou Jill' tl1(' 'E' 1i(,1'il'>I Ill'

ft'lil!'>: 0, Hlntio\l g1-:2, I i,(iS5 ". 10 :I, .~~ ~ 21li >i, Ktatioll
EGa, t 1.2Ul" III :l, U ~ ·iii; till' two sulid liues 1'1'111'('~('llttIll'
{'(lllival!'llf uuuu-dral \'('llll'ily 1l1'olill'l'I for U 2() and ~l cc: 50. •. Hill

1!1.1 'I'hr ~,('h('llmtil' <il'pil'tion of till' tl'Hul'iitiou 10 III1'iluh'IlI'I' ill III('
l'utl'l\lU'(' l'('l~ioll of un Nqllllll'lItiallr !l('I'(i)!'I'atillg pip(' Ilow: (a),
l.unluur Ilnw: (11), lO1'1l1 hnllluitn'y laYPl' hroakdown: (1'), tl'lI11Hi·
tlouul How ('(IllV('('tK dowustroam, IUl'Ill hmulIlnl'Y layl'l' lnvnkdowu
Pl'l'}lhltK Il(ii\l' t !tt' hllt·t: (d l, loral hroukdown upstrorun, turhulont
Irout ('()l1V('('ls (lnWIIHfl'l'i\llli (p) IOI'llI bl'pal\tluWll .pHtl'l'tUlI,llill(,Q
with, tlll'hnll'llt Ilow (IOWW1Il'('ilUli co. 1'I'gioll (If illl'l'ptiou. ·W2

1!l.2 '1'11(, axial varlutlnn (If Ihl' I'lqH'l'illH'lltal llow brrukdown, Irom
tIll' It'HI <1XPA (U'(I G!il!l. H :12.5), lll4 .~ Ium-tiou of thno
uurl H(',VlIUlth, unmla-r. Tilt· t'l'l'Pl'Q\ml'K l'('Pl'l',lI'ut un« r.tmlllal"\
,l('viatioll. . .. , .... , . , , ... , ... , , . . . • . ,lila

lD.a Till' variatiou of I hI' vxporliuentul vrltirul Rvvuokls 1111111\)(11' with
(lillll'H;;it)lIlt'~H nxlnl IH)Hitioll. till' til!' Ipsl GXP.\ (lit u WilO,

l!U TIll' Ilh,tl'ihnfi()1l of tll(' ('Xl)('l'iull'lltal tlat,\ about th!' Hlt('(1 N\I1'fll('(· • .Jfi(i

!lUi 'l'h« Ih1'l'1' ,lillll'llHioual Iiltl'll rl1ll'fa('(' to till' l'l'lH'rilllPutal inrop-
tlou ,!ittll ill (,I', U, Rt) "Jlat'('. }i!IOWillf.',tIll' I'Xll('l'illH'utlll ll(lillt~i
Nl\lH'l'illll)(I~il'tl. TIll' ('XII'lIt of tIll' HlIl'fllt'I' is illlli('atl'(1 011 lli!' Hout'
of tilt' plol, .......,',...............,..,. ,m';
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1;,1,1'1'1[(' vuriation 0[' t h« rrltk-al (' i:-;pla('I'?l1Put t hlekuoss Hp\,ll()ltl~ nuui-
1)('1'wit h displacement t hkl:l)('~li. Inr db('rptl' values of IhI' iH'('I'!t'l'-
ntiou parunu-tvr: (1), paralh'l tll'\'('lopill~ Ilow: (2). Plltral!('I' lIow:
(il. Error-fuuctiuu :,tilhilil~' limit. nf'~'(critl :c:.; 1(j;ii; (ii), Blusuis
l'itahility limit, RCh'[l'I'it1 c.: !iW,()(i; (a), H :co 0: (1)), S! '-',10; (('J,
!l': 20: (til. s! all; (I'j, Sl ,10; (I'). Sl iill: (g). H .. : (iO; (h),
!2 if). . I ••••••• 0 •• I •• I ••• I • • ,1~:i

It.:.! TIH' llnw variatiou with thuo, lill' thr 'E' sN'it's of tl'~tK, Both
th« Rovuokls 111\\\\h(·1' and uccolcratiou llill'ilIlH'tl'l' variation nro
:-;!lOWU: (a). EXPE: (11).EXPF: (I'). EXH~; «t), n:n .\; -. "~-.
PXIJ(·(,t('(l variat ion: ,a('tnal varhulon, "". 12t1

1!',2 'l'li« 1I()\~ variation wit It thn«, fill' tltl' '10" "i(.t'il'~ "I tpHIs, Both
I Ill' H('~'\H11ds nnmlu-r awl ;«('('pipratioll puruiueter vnrlation urv
showu: (a), FXPA: (h). FXPB; (.). FXP('; (d), FXP!>; ~. '"1

I'XI)('('I('II ,'ariatiou: • avtuul vurlutlo», .,' , , , , , , . ,lao
l!-i,a 'l'ho How vuriutiou with lim!', fllr tIlt' '0' ~I'l'it·~;of t('Hh~. Both

tILl' Rovuokls 11\1\111)(11' mill urrvlorutkrn pnnunotor varintlon uro
shown: (u), UXPA: (h). (';XPB: (v), ({XP(,; «I). (;\.PD: ~ - _',
('XI>I'('tl'<I varlutiou: , artuul variation, " .. ,.". ,l:n

l!'..t TIt(1 ti-mpoml (\t'\,(II0J>IlWllt of b*/ U for till' tost gXPE: I ••IU'·
Ol'(ltknll'('KIl!tH; ., EEl (,I'/i? :::0 12.:.H): 0, EE2 (.r/n ::::::!!'.2li):
I.', EE:l (.I·/U (i-1.ii2): x , Egii (.I'/U:::-: a:w.IiOj; A. B. C, r noson
points of illlTl'ltsilll\ !illl!' 1~1l'1m:!. "., ... ,',. ,laG

HUi '1'11(1 ~lli~tilll lit'W10)l11l1'1lt of b' / R for tho tost EXPE: I thon-
rotienl l'I'Hults: ., EEl (.1'/R c: 12.2,1): 0, EE2 (,1'/R "';29.25); (I,

10:1-::1 (,l'/N liUj2): (u), (b), (I'), iuit't '1!1ll1111': N, B', (", ('!Hl:Wll
point" of illl'll'a~iug t hu« Ior EE:i. ..,...,"',..,... ·1:17

l!',G TIH' variation of tltt' hrl111ltIHl'Y lIW('!' 1'1lltl)('lliU'1l1lll't('l' with rlhnon-
:-;illllh's:-l rhu«, 1'01' thl' tt'sl EXPE: ., EEl (,t/If c' 12.2,1): 0, Jm2
(."/Ii 20.2:;1: ':', 1m:! (,"IR;~ tij,!i2): x , EEIi (.I'/R., a:W,iiO);

• thl'ol'l'ti<'a! ('UI'\'I' ful' ~2 :.m. . .. , .. ,""',." .. ,un

II',; 'I'll!' \al'iat"ioll or lit!' lunuulurv lavcr fiha)w IlHl'illlll'tt'l' with dimou-
~iolllt·~;~nxlul Jlo~;t inn, lor 111(1It'!<itEXPE: •• gEl (,t'/U :"C 1:l.:!·1):
". El'::! r,I'/U 2!1..'~1:", EE:i (,I'/H lil.:i2l: ,thl'Ol,('titoal

:!O, ,111

11'l,H TIll' \'.ll'ialioll or {liul!'Il~li()uh'Hl' lli:;p!a(,I'Ull'UI tltidmPHH with tim«,
lill" thl' purullol purttuu of 11:1' 'E' ~l'l"it·:-; of It'sts: ., EXPE (U R::

:lOJ: ", 1-:XP}o'm:;,~ :la1: ". LXP<t m:;:, ,Iii): ":. I1XPA (U ~ tal;
, t hl'ul'l'tit'al ('111'\'1''', ",.".,',.,.,", ••• ,.,. ,l,la
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1i.:J TIl(' Iraj('('lorit'" till' various d('\'('iupiup; flow ... ill pnrallel impul-
slvolv sturtvd pipo flow, (u). He =- 1IlOOO: (h), H( :W (100; {I'}.
HI' c: :m nOll. ....,............... ,.. ·111

1i.G Till' ueutral st ahjlit~· ('U1'\'1' for U :C.:: iO. showliu; Till' Irajl'('1 ol'il's
fin' d!'\'('lopill!~ i1o\\'1'i In pnralk-l hupul-ivolv .'11,\1'11'(1 a('('I'II'l'atiug
pipl' Ilow, fill' (litfl'rNlt \'1IitH'S of HI u- . ·112

1i. i Tho tomporal variat ion of t ho initial rritlral Hovnold« lllUlllJ('l'

ill parallol, toniporullv Ih'wlnpill!1 How. for (li~('r('t(' \'1IitH'S of thv
1l('C'('lpraliou parunu-trr: (al. ~!::"0: (h). H '-" 10: (e). H"" 20; (<1).
U :10: (1'). ~!:; 10: to. ~l tiO' (g). ~2 ;:;.:;(i0: ( .). H 0= iO. H·1

1;'.~ TIll' spatlul vnriat inn of IIH' rrlt iral Rvvuolds number in pipl' ('11-
11'1\11('1' Ilow, lor (lis('l'l'tl' values of thI' ac'('pll'rat lou parameter: (a).
!2 :; 0; (h), U r.: 10: (r), !l c.: 20; «(I). H :.c' all: (I'). H co: 1(1; (fl.
U ~o ;'0: (g). 1~ (ill; (It). U ., iO. . ·l11i

1i.n '1'11('spnt inl vanatiuu of the critlcnl houndury luvor displncemont
thil'lm('ss Hp~'llOlds number ill pip(' "ul1'1\III'(' flow. for (lis('l'l'h'
values (If Ihe nrrolorat ion pnramo t1'1'; ., Blasius houudnry layl'l'
limit, ]{(·".[(')'il] :-: til!J.OU: (a). S2:= 0; (1I),y :::: HI: (I')~U ::.! 20;
(d). H '.~ ao; (1'). H ~, ,10: (0, S2 :::: !iO: (g), n :;::,GO; (h). ~l :=: ro, . ·l1G

1i.1 OTh" vnrint lou of till' mluiunuu crlt leul Reyuohls 1111111 her wit h 1\('.

('I'II'l·lI.tioll pa1'HI11('t\'1' iu stoadv pilll' outranro flow, compared to
lhI' (lala {ill' Ill!' pnrallol dowustrenm ('I\lil': • ontruuco: - .~ -,
dnwnst rouiu, ,11i

1i.11 'I'll!' vnrlut lou of t he' ('!'il lrul waveunmhor llillil'll ou displneonu-nt
t hiekue-s wil h at'('l'lc'l'al ion punuuet or ill sh'lIdy pip!' ('111ranee
llow: •• B1nsius lIo\llula1'Y la~'l'r limlt, Il~'[(,l'itl :;:;o.aoa ii: (11.1.
!l .0: (b), H :~ 10: (c), ~l c:.; 20; «(I). S2 ::.C :m: (1'), !2 ::, ,10; (f),
!l 1i0:(I~).U (ill; (h},!l ill. .....•........... ,Jl~

1i.l~Thp :-<)latial variatlou of thl' nil ical HpYllohls 1111111\)('1'ill PI.W I'll-
I \'1111('(' Ilow, lor di~('l'pli' vuluv- of IIII' I\(·(·(·h'ml Iou punuuotcr: (a),
12 .: 0: (h). 12 10: (r). 12 20: (I), H·" ao; (pl. U ;::; ·10;
(fl. H; :in: lI',l. U -- liO: (It). 12 : " i(): SIlP(·l';'.apos('d (\1'1' liIH'S of
rnnxtuut phvsicnl axinl positioll .1' :C'('oust ·l:.!O

1i.1:1'1'I1(' varial iOI1 01 tho nit kal Rovuokls uumlior' ill pipp out ruur«
Iluw with !'I'sjll'('! 10 thl' Jlh~'skal eo-onlinuu- Ii~·;;tl'm. Ior disrret«
vnluos of thl' 1l('('P}I'l'i\liOIl pat'allll'lll'; (a). H _, 0; (II), H 10;
(1-). H :lO: (ell. U ao: (pl. 12: ·10: (fl. S2 :: :i0; (,~l. S2 .~; (ill:
(h l. S lin: Sllpl'l'illljlOSl'1 I ur« lillI'S of ('Oll~tuut nonnnlls«! axial
po-it iou r . (·Oll:.!. •••....••••.•.•••••••••••• ·I:.!1
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lOA '1'11('axial variation of till' critical wavoutunher, for nxlsymmotrle
disturluuicrs in st!'a(l~' , , pipp ontrauce flow. .."..... au·!

w.n TIl(> axial variation of til(' rritk-nl wavenumber !'wait'<l with 1'('-

SlH'1't t (I clisphv'PlllPllt t hlckness. Ior axisvunnet rie disturbances
iu Hh'lllb"statP pip!' curranco Ilow. e, Ihl' Blnsins boundurv layer
limit, (\~. ;:;::o.:wa 77. au:;

l(j,(j TIlt' axial variation oftho prounct (\h'[('ritj!ic b'[!'l'itj with W1L\'PUIllU-

1)('1' (\[!'l'it\' for axisvnnuetric tiistlll'h1llu'PH ill stl11Hly-slah\ pipI\
outrnuco f ow. aD7

Hi.7 Neutral stuhilirv l'I1I'VPS ill t11(\ (\ • HI' plane, for srlp('tpcl vr-
lor-itv proliles: (i), .1' ":c, () (n:asills bouudarv laver limit); (ii),
.1' 0.000 W7; (iii), .r 'c' o.uoa!i!) (Mininnun critlcal poiut): (iv),
:1' ,,., (l.007 8:l; (v), .1' ,-,., ().O()~1~. . ... ,............. aD~

lO.t' Mlgrntion of thr- ('i!;PllvahH'H with axial distanro ill till' rango (l ~;
.1' ~~ (l.OOS IS lor t 11('miuinuun critical Reynolds 1lI1111lll'l' at each
POSiTion. Eig('uvaitll'H an' uumhorod ll(,(,OI'<iillg to tIl(' s<'lw111(\ of
l\l[l('k (1!J7li). Tit!' runtlnuous sl>(1('Irll. uro indlcntod as It H!'l'it'K
of lilll'H. e, :-1)('('(1'I11U at .1' ::= (1 (Blasius Ihnlt): 0, spoetnuu at
.r :::: 0.001' IS: intenuediatc :-opprtm l'Ol'l'I'Kl)(lIHI to .1' =-: n.ooo 071 1,
Il.OOO lia 1. n.noi 51. 0.002 72, O,(){).1 1)5. 0.005 0·1, 0.007 QG. aU!I

17.1 Till' tomporal vnrlatlon of t 11('('ritical Reynolds number ill par-
allo], temporullv 1i:\\'('}Opillg Ilow, for dlscroto values of tho nccol-
eratiou pnrumotor: (a), H ::': OJ (1)), H ,.:; HI: (<,), H :::: 20; (d},
si :" :10; (1'), U :.: ·HI: (1'). 12 :.::' tiO; (g), S2 ::-; GO: (1I), H :-:c: 70. ·107

17.2 Till' vnrlutiou of tho minluuun rritlcnl Hovnold« number with ne-
('ph-ratioll panuueter in parnllel, touipumllv dl'\'('lopillg Ilow. ·HlI'{

17.a Tho tompurnl variation (If tho eritk-al displnroruout t hkkuPHK HI'YllUlclll
nuuibor in Imrltlh\!. tplll1>()I·"lI~· (1I'v<'iopillfl Ilow, for <lls('l'(I{I' val-
\II'S of the i\('I'p}('l'i\tioll panuuotvr: (a), !2 "" (I: (II), 12 :-:: HI; (I'),
12 20; ((l). 12 .•. ao: (1'). H ,HI: (fl. !l :: 50: (r.). 12 :" (iO; (11).
i? ill. . , , .. ·lO!)

17,·1 'I'ho totupural vnrintlou of t lip ('l'il kul tliHphw('llH'llt t hil'iml'HH WiW(\

iuuul.or ill parallel, tt'llllHll'ally (ll'\'{Iloping llow, fl)r (\i;l('l'l'tp values
of t ho m'('pll'l'alioll pnrtuuotor: (a).!! 0; (II). H :.:.. 111: (I'),
~2 20: (d), U . all: (1'). H HI: (f). U -::;!iO: (,,), 5! :.: GO; (h),
H 70. ., .. , ,............ . . . ·110
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15,3·1'1'111'varint ion of lli:-;plal'l'llll'llt t hirknoss b·.I I! wit 11normalised 01'-
dinat I' ,1'. fill' various values of t hi' dimousiunles» llh~'sj('al nrdinnte
,1": 12 = an, "',., .. ,.", .. , 3i1

1:i.aiiTIH' variutiou (If dilipl,lI'l'llIt'Ut thklml's;; ". IIi with tillll' i, fur
various \'Hltl!';; of till' dhnousionlos» physicnl urdiunt« .1": ~I '"' ·10. ;ii:!

15.30Thl' "arial lou of tlislllal'l'llll'ut Ihirkuess />" IR wit h nonualt-od 01'-
dinato .1'. [01' vnrious valurs of t he dhuousiouless ph~'sk;tl ordinate
.,.'; 52 "" ·10, .,', , , 3i2

l!i.3iTIU' varia! IOU of dbplu!'l'llll'llt thickness "·1R wit, Ihne t, fur
vuriou« \'alI1P;, of the diuiorn-ioules- llh~'l'Okal ordinate ,,": H ::...:50, ai:J

l:i,3STlw varia! ion of <lisplm'('ull'llt t lu. !.11t'1';; ". II? wit 11normalised 01'-
dinnto .1', for various vnlues of t he dimonsionloss phYHit'nl ordinnte
.r': U ::;:50. , .. ,., ".............. :ii:l

15.39'1'111' varia I ion of displnrouiout t hiekuess ,,",11 wit h 1hili' t, COl'
vnrious vahl!';; of til!' tIiUIl'l1sioull',,:-; physirnl onliu: '\' .1": 11 -:::::Gil. :li·1

15.·10'1'111'varia! inn of (lisplilt'l'uIPut t hkklH'SS '" IH with 11mmalls«! ()I-

diuat« .1'. tor various values of lilt' dillH'llsiolll('s;; physicnl ordinat«
.1": H (j(). • •••••••• , ••••• , •• ,........... :ii·l

15..11'1'111' variatiou tlf tlisplnrotuonl thickness h· II? with time t, fOl'
various \'ahll'~ tift he' (lilllPII~i()lllC':-:s phy:-:it'1l1 ordluute .I": n :::;iO. :li5

15.·l:!TIU' vnriatiou of displm'C'Ill('1I1 Ihiekuess h·IR wit h nonuullsod or-
dlnato .1'. Ior vnriou« values of tht' llillll'lISiolllt'ss j,hy;:i-'i,1 ordinntr-
.,.'; S2 :'.~ iO. ., I I I • • • • , • • • • , • 1 , , I. I. t I I •• :iiil

Hi.1 Tlu- axial varintluu or 1hI' nil ical Hovnolds uumher Ior axisyni-
metrir dislltl'halH'('s ill stl'l\d~··stat(' pipl' t'llll'llllt·t' How. sh(lwill~
tho 1'('sllll:; of various Author«: .,lIl\all~ ,\. ('111'11 (lUi·1): x , (lill'g
(llIH!): 0, cia Sih'IL (1!HlO): +. SarJllm~·1t (E>q"'1'illH'lItal). . .... aill

lIi,2 'I'll!' nxinl vnria-km of Ihr rrit irul Iiovunlds lI\11ulH'1'Ior uxisym-
lilt'! rir dist nrbaur-« ill st (,;\(\Y-l'Otut (' pipI' out ranr« llow: x , ':~!ll'I~
(!!IS}); I). ,la Si!\'i\ (1!1!)())), , Abbot ,\. ~loss (W!I·l): -, mininnun
I'l'it ical Hp~'lloltls umnln-r, , .. , . . . . . . . . . . . . . . . . . . as!

Hi.:! TIll' axial vilriatioll of Ihl' !'l'itkal H!'~'IHllcls 1I1U1IIH'1' has(,l\ ou
t1i"plaC'(,lIll'lIl Ihickncss, IiII' axisvimuot rir ,listurlmllt·ps ill sl,'ady-
slalt' pip!' C'lItl'lllH'C' llow: o, dn Silva (W!JIl); ,AhlH,t k ;"Ioss
(1!l!I.l): .0 Blasius hUllll!lal'.\' 11l~'('1'limit H( ~'!('rilJ" 5lll.0n. aoa
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1;'.21'1'11(' vnrintion of VP!tH·:t. pl'ofil('s ill limp for S2:o:: 20. ut thl' phys-
icnl station .,.' ;; (l.002. . , .•..••..•. ali2

1;'.22'1'111' vnrintion of velocitv prolil!'s it time for 52 :~ 20. at t lip ph~'s,
icul st !Itio II .,.'" [UI1. .....,.................. aU2

1;'.2:3'1'IH' varintiun or \'('lodl~' prolill's ill t inu- for H ,c; 20. at the phys-
ical stution .,.' '-C.IUI2 , , ana

lli.2,ITllI' variation or displucciuent thicknrss "'. IRill tiiu« lor H "" 20:
(1) •. 1" Il.002; (2) •. 1" :0 ().Ill; (a) •• 1' _, (I.n2: (,1), parallel (,I" '"'"
"'), , .. "." ,., .. ,., .. ,', , :Hia

lii.2:> Till' simulat p(I variut ion of ('Xl )(·,'hlH'lIt allv 'lll(,lll'l\ll'('( l' c1isplan'-
111('111 I hirkut-ss II·IR wlt II uomiulised uxlal station ,,' for S2 ,:c:: :W.
correspoudhu; to I hl'(,(, dhll('lI!>iolll('~,!'i physieul !lollil ions: (1) •. ,.' :;;:::
1I.01l2: (2) •• 1" .; ()'(ll: (:J) •• 1" ,~ 1),02: (,1). st('ady-stall' PlIt!'IUU'P
tlow,

1!'r, 2(iTlu' ucnml vnriatiou, Ihl' 52 c.. 2n. of displnrotneut thidtlH'SS b*IR
ill ,I' (Il~giwll in Ih(' previous liglll'I'). ('OlH}HU'('d 10data uecord-
i1ig 10 111(' 1)1\1'1\111'1-t l'111po1'1l1and ~IPat IY-Ill at(' spatiul liuiit s of 111<'
1',\'1'11'111; (1). (2). (:J). pIII'II11('1 n-mpoinl Ilow, corresponding 10

r' "" n,oo:! •. ,.' c' (Ull. and .1" ::, n.o:! l'l'spp('tiwly; (,1), sternly-
st att' 1'1111'11111'(' flow, :wo

Hi.:liThp vnrint iUII of dbpliu'PlIIPut t lrlcknvss b*/ll with I imc I. ('or
various vnlu.« of thr- <1illll'lIsi()ull's~ physirul ordlunto .1"; {! :.:! Il. . aliH

l:i.2HTIH' vnrlutiou or disphuvment thklm(,Hll II-IU wit 11nonunllsod or-
dluut« .1. Ior variollH \'11111('1' of tlH' dhuensionlcss Jlll~'sil'lll ordlunt«
.,.'; 12 0.,., ., •.................••.... :JOH

15.20Th\, varia! lou of displucoinont t hiC'loll'ss b~In wit It I ime t, for
vuriou« Vtlhll'H or t ho (liUIl'IIHiolllt'liH pll~,t!kal ordlnut« .1"; Sl c.? 10. ;HiU

lii.:lOThl' vuriut lou of (!bplal'I'IIlI'lIt t hid\lll's" "*/U wit h nonuullsod or
liitmll' .r, for various \'111111')'1of IhI' (litlll'lIlii'lIli<'lis physic-Ill onlln.uo
.1"; 52 Ill, .. , '.,. , , ,.,. an!!

l!i.alTIl<' varlntiou of Ilisplll('PIlIl'llt Ihidw(llls ""IN with lilll<' I. for
various \'ah1l''' or t IH' rliun-nsiouloss plrvslrnl onliunt (' .,.'; 12 .:' :W. :Jill

1ii.:l2'1'11(' variut ion of l\bplarl'lIl1'lIt t hid:JH'I'S b*I lt wit h nonuallsed ot'-
<1ilia! I' .1'. lor various \'i\ll!I'~1(If t hI' Ilhuonslonlos« llh~'skal ordinat«
.1": H :!Il, ,., , , ,..... a';n

!ii.aaTIIl' \':Il'ial iuu 01 displarl'lIl1'lll 1hkklll'SS b' I Ii wit h 1hue t, lin'
various \'ahH'~' of 1 lit' <iillll'lll'iouh'l''' physirul ordinut:' .1": H :10. ail



1:>.10'1'1)(' variution of sl'al('1i I'ohapl' par.unr+er ."h· with t1is~)li\('l'llll'llt
thlrkness (J* / R ill parallel oxponoutinllv I\('('pll'l'atillg pipe flow.
for varvhu- value» of t he ;H'{'rIN'at ion pnramoter n: - _,-. 10-

{,IlS of lhuitiua vulues as t -. x of (hO
/ fl. 8~. J: h'~'[l'rfj' parulh I

boundary-laver limit as I" -. 0; lines of coustuut-thue are SIWWll
Slll)('l'i111POI'!I'11. """,.,""',.,',., •• ,.," :H:3

lii,llTll(' varin! ion of uonualised coutreliur- volocitv II"/Fm with axial
dlstuuc» .1'. ill till' ('lltrah"(' 1'l'giou or a pipo, for various values of
Ilu' arroleratiou panuuotor U. .""",'."""", a·Ii

l1i,12TIH' variation of displncemout thirknrss b· / If with axial posltion
.1' ill tho «utrunre rl'giclll of a pipo, for 1lH' chosen values of~!. .. 3·1H

lIi.1aThl' vnriatiou of shap(' puramoter 8 with axial position .1' ill thl'
untruuc« l'('gioll of II llipl', I'm' varlous values of till' urcelemtion
panuuotor ~!. . , , .. , . , , , , . , .. , a·H)

15.U'1'11(l varlntion of smll't1 shapl' purnnu-tor 8~. with axial positiou
,I' ill tho outruuco l'l'niolt of a pip!'. for various vnlnos (If tlu- urcol-
oration puramou-r !t , . . , . , , . , 350

15.1iiTIH' vurintion of >,('all'!l shnp« parnuu-tor S·". with displac'(,lll('llt
thickuoss (l*! f{ ill tho entruueo l'('f.\ioll of n pip«, for various values
of Ill(' ueeolorution panunoror 12. 'I'll!' dashed line indicates tho
locus of Iilllitillf.\ values Ior ,I' '.: ,x'. . , ..•.... , . :351

l.'i.WTIH' vnriation of SC'i\I!'d shupo pal'alll('!l'l' S·~.with di14pllll'C'llll'llt
tltkkll{,l-oSh* [R ill IhI' l'ull'atU'(' l'('I\iou of It pipo, lhi' various vnlnes
of till' urcelerntiuu pununotor ~i.The equivalent tempornl (11'\'('1-
opmont ('\Il'Y(';; nro suporimposrd, and 1t1'!' shown 1IaslH'(\. The
dottorl liuo illllil'llt!'s t lio lo('us of limit ill~ Vl11111'HIor .1' ::::: 'X_'. • • • ;J1i2

Hi.1 iTh(' variut ion of displac(·ull·\lt t hlcknoss (J' / R wit II uxiul disltlll('('
,I' ill till' <l(·wlopillJ.\ vutrauce l'(ll;ioll of It pip(" [(11' 12 "'" 20, '1'11('
C'IH'Vl';! rl'lll'I'Kl'UI ()I(, valuo of Ih(' parauioter ill' varlou« limps, ali,!

15.un'lI(· variatiou of' (lisplal'I'Ull'llt IlIkkul'HH (I" / R with axial distnur«
.1' ill thl' (i<'wlopiull Pll11'ilIH'1'1'l'giollO[ a pipo, for H::.:::m and t c;:;

i" 10 ;1: (1). :-;lpHlI,\.~'1all' «nt 1'1Ill,'!'Ilow; (~). tr-mpoml <i('vl'lopillg
llow: {:ij, I II(' ill" ual inlet flow. '....,.,..'.,.. aGO

1ii. Itl'I'h« 1'1'Iatiollsitip 1)('1\\'1'('11 t IH' tlillll'llSiollh'ss ro-unlinato systt'llls
and 'ht' Jlh~'lii('ill illlll'lll'lIdl'lIt vurlahlos, :WO

l:;.:mLilll's of bo-,,. ill Ih!' f .1,1 plnu«, for 5! 20.
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1.2 Objectives & proposed strategy

'l'hi« studv b sp!'!'ifh'alh' ('0111 Pl'lIl'd will! tlu- various a;.ip!'I'tl'l of pipI' ('lltl'illl('('
Ilows ~;lIh.i('('tl·!110 ;;1I'Illlg muuotunir al'('dPl'atilllls. inrhulhu; thl' ha:-I' flow vari-
utlou, insruhillt iI'S aud lnn-r Il'illlsil iou, if all,'"

III pal'tir-Illar it Wa:; !lp('hit'!1 to illwsligatI' oxpouentinllv m'I'ph'l'ating Ilow« wit hiu
th« pip«, This Ii<'l'isioll was haspd soll'b Oil till' luet that thl' Cm'hll' (l/F)dF/,lt.
used hy Sht-n (lD(j1) ill his lluiit«l auulvsls rvmnined rnustnut for all oxpouvntlul
Ilow, A dual ~tra«'I\\' was '1IIopj('!I: exporiuieutul moasnreuu-nt of'sueh llow» was
to 1)(, ('ollshll'l'!'(l alOl.!\ wit It .' dl't ullerl unalvti« uud mnuerirul 1I111lIy:-.b.hopelullv
I'!lll('hidillt~ with »ouu- 11'\'1'1of ill'.l'I·PlIlI'll! l)('t\\'(,I'11 I hi' two, 'l'ho Iollowhu; HPI'I'iJk
ohjl'(,th'!',,,: \\,I'1'P I'Il\'bill',l'll:n

(i) To dl'wlo!l all I'XPl'l'i1w'ut ill i1J1pilrallb I'apah!(, of m't'Ural!').\' 1\{'u('I'al iug
oxpuuentiul iI!HI nt lu-r a\'hitl'ill'~' i\ITPh'l'.ltiolls ill a llip!'. III partlculnr a
hl'll.nl raUI\!' of HI'\'lUlhl~ 111111111('1';' ruul vnrviun l'a(('s 111' IH'('(\h'l'atillll had ttl
Ill' uttaluahl« b~' till' apparatl1s,

(ii) III vomhlnutiou with till' ah(l\!' ",0011.a('I'Hl'all' l\('llllh-iitiou of llow (lata was
Ih·~;il'(·(l. Sill!'I' it wa« c)l'"h'(',\ t (I 01l,,!'1'\'(' t ruuslt ional Ilows, I~r.pUsil lv«, Ilox-
lbh- and uou-db-ruptlv» 11,)\\. UH'il!itll'PIII('lIt WI\r, roqulrrd. A i.IHl'l' l)(I)lph'l'
wlu('i1111'11'1'(1,1>\') wah nvnilubh- for "~t'. Tho applicahility (If t hiH instru-
Iilt'ut Ior lllt'm;n\'('UlI'llt of trunslt lunul !lOWI' was 10 11('evaluated, llluluu't\lIH

"f jlt'tlt't',.:;iuf\ ilut it (l(lwlo}l('( L

(iii) Silll'(' oui)' thi' silupi(' Slit'll (H)(il) I. ritt'l'ioll nil' at'l't'lt'I'a!ill,t~ flOWNwas uvail-
uhlo, t h(' tll'\'plOPlllI'llt or all ap}ll'Opriat(' aualvth-ul hash. Wat. 1l('('11;HI a
lH·t·(,H,dt~·, Altholl!~h tilt' Iilrllr!I\l'('ufthb ,;ystl'lll Wi!!; initially 1111lmowII. ilH
(l('sin'll f01'1II Wil~ to ht' .1lI ('xal'! tlll"'I',\' aud uot al'i~·I1I)1t()tk.

0\') A hl'lliul m'!'ll'llIH'ul of uuuwrkul ilIHlI~'~(':\ art' \\tI11al1~' \1;>(1(1ill Ih(' }l1\111y

of flaill 1111'(lHlllirH }lmhll'llli'i. "UIlII' or 11llhjom; app!imhilit,\'. A prinuuv
!\oa! Wini tlms III lit'wlo)! it unlfnnu HIIII O!I'('\\l'at(' 1l11l1l(·Ii<'a!llll'tIlIlIlolog v••
pO~:iihh' \l~iilll\ Ill!' },IH aU(,.1 ·1'-PI'I'II,.II· allpl'llal'h. 1o tadd(' thl' 1'(l'tati(lll~i
1'lh'OI\IlII'1'I'd ill t lu- hI udv or llipl' t'llll'al1l'(' f1oWtJ, It wmi (It'I'j(ll'll to ('111111111'1
it l'ig,ll'Ol\" wl'i1kat ion or IIII' nu-t IhH h; till \'ill'iom, :<illlp!t, llow I\POIIIl'II'il';I, III
(It'll!'}' I tl wril\' Ihoir iI''('\\I'at'~·1I~,ill!\ 1:110\\'11 1'1',',lIlt f' fol' Hf('Il(i::"st atl' Ilowx,
Prorotvpul 1111\\:, I'Ilw.i.)"I,,·d \\('1'1': tlu- :<Iahilit\· of 'ht· Bla~inH Imlllllllll'Y
lnver, 0111111111',..1ill 1'01111'111itlll,.. i~","('of t hI' lilll',lI' ~Iability of pilH' ('UI 1ilUI'I'
!lOW!., <1111(1111', ut hor«,

(\) Ih'Ji·l'l'illl'. tlll'oiUI (lv: uhnv«, IWI :'0I1'ti<nlal' 1H1lHl·rj ill illWHfil',afiullfl \\'(\1'1'

lill'l"WI'II, l'hv :;.!,r l'OlIl'I' 1'1I1·t\Ihi' 1~"\I'IOPIlIl'Ut of f II(' laminar I ,.,1' flo\'.' 11110
d,'I' I'lllitiitiol!' III ill'n'h-ral iuu, {'llh",· ill IhI' illl)llIh,i\'1' ('m,l' 1 'I}'I' tIll' 1',1'11'
eral uunu« of IIII' kuninur pipl' t!('\'I'IOPllII'UI wa~, known 1,Ia Si.\'iI ,\.. :"lo:.s
d!l!lll]. ill t lu- 1'\lIlt'1I1 ((lIlII'XI I'\'I'I! tlli" h.ul tu 111'"('I('l'luitlt'd, SI'('(llllll~'
1111' :,t ahPiI \, 1')1011';11'1I'l'ht iI ~,III t III' b;,~\' l'nw wen- t II lit' iUVI·,.ti,\OIh'll.



('I1AP'l'BU I, OVmn'!En-

It i:-; however tlu' 11101'1' pl'lH'ral t\'!ll'h 1'[ How tluu al!' th« more 11l\('l'(,!:>tillg and
In f.u" th« uior« ruunn.rn ill 1II1t1tI'l': Ior ;'1:4Iall1'(' tlu\\';; lil\t' tlu- lnduetluu uiul
coiulnu« lou 11l1)('P:,c;wit 'dl' t lu' iutornal l'olllllllKtiOU I'lll',hll' uro hy their nuture
highly IIIlHltlluly, while wi,ltl,I"!'}i lilt blow stl'atiily. hilt ~\I1KtH, For thill ronsou.
HIl'at 1,\' lll'Jll'uxiluat lull' 111' Plll'l'al Ilunls pln-umuouu will at 111';;1'IJII qunnr it atiwiy
iU(tI,t'I\l'atl' and at Will" r I'Illllph·tl'h' Wl'\lI1,~,

SI'v!'ral fuurhuucntal 1'111; til 11l1HI!·.\(I~· ll(l\\ 1)("'lU': II '" with vlIl'yillg veluclty
Jil'hlH hut ;;tl'lHly How Iitll';'. IlIlWN with lH'l'illllkHl1~' varying IltlWmll'H that an'
Ntl'luiy 17I ilu 1111111" ;,wl trulv uustv.ulv !lIlW:; "huWitlg 1111!l1ll1l1l!t'11 mvau Ilow
variatiou ill tim!', (l~ all t 111';,1' Ilm,tl','(}\' Ilow«, it iH till' lalll'l\ nou-pvrlodlr
i\('('l'h'rat.iIl!\ IlllI';; Ih.lt .111' tilt' 1t'1I"t ),t iul il'lt. A g(lOIl!'UlUIJl'!'JII'U>ijoll b d!'VI'lopit11t,
of' till' hohuviuur of IljI' .in'! t~'IJ(' of 1lllstl'IIIIy llow. Fol' iUHtillll'I' ill 111('l'UUIt'X!'
of pill(' flow !\loHH II,: Il.L !'1i1va (1!l!I:i), 111111111lV-i I otlll'1'11, luwo IIlUh'l'tHI\('11 11!'luil:>t1

Nt ndi<'s (If t ht, illlpnh,h:pl,\' t III'I!'(1 pip!' (lull'iIIlt I' tlow, !-iollu' Ilt'allwa~ .. tun, Imf1
IWI'Ulllatlp ill thv I';t;:,' of tlll'l'tabilit~· of }ll'riOllir JlIl\\'K. III }all'lI lluwfl tIll' moun
velncitv 1111<'II1I\II'H IFamlly hillllsoit 1;\11~'a'lll1\1 It IIl1'lUl value of (lit 11!'1'Zl'l'O Ill' one
ulfH(lt lunu zero, 111'n' I iaraun-t rk l'I',illllllll('I' ('I1't,(,t fl ('lUI luduco iust ahili t,y. and
t h(' pl'iul'iplt's ot' Fltllllll'l t hl'"t~' n lm/,iu '\" Hl'itl (Wt'l)j i\l'(' Ill)pli('abh', IIOW(IVI'l',

ill tllP !V'IIN'ally al'l'I'II't'lltillt'; ((1\"'. thl' Ilnw \'al'iatitm is IIUhUlllH!t'II. Illltllll'1ihlt'H
til!' illitial wnrl; !l~' !-ihl'lt (111Ull. thl'l(' ls Huh' tlll'lll'l'timl haHiH hy which to
IlIUlt'l'''' itllt I t Ill' HI iLhility, Il't ulour lut 1'1 uou-lluenr t 1'all:·;jI lou of fllWh Ilows.

'1'111' lllaillllill'lIl111il 1'1'1111'1':0-11Il'tl1l1l11 tIll' unbunuded nnturo of gl'lll'l'ally {WI'ph'l'ILt-
ill~~Ilows, III till' I'a~(' of tIll' lilll'a!' :'taHil~' (If :11\1'11II flow, all illcit:thiht~· mil"ltl hl'
l~t'(I\\'illg in all a!uilllut I' f'1'1l1-'('. hut it I hI' IIIlWmtl' i~illl'l'(la~,ill~\at 11,l'ait' !~lI'!lt('l'
rhnu Ihl' rllsturluuuv 1\l'IlwIIi. thou rhat Ilhtlll'hall!'!' iN ill l'('ltlity !limiuhdliu)'.
with 1'I'kl)('!'t 10 till' hit;;!' 1Io\\'. tTltIl'l'tailll~' nhuut rho t-nus uf Ilt'linitioll uf NllI'h
How:. aI'l' ill!lkatiVl' 111'11 pOll!' 1\lI(it'l'nlnlldiu)\ of til!' lu,lmviulll' (If the hY,4t('lIl.

TIll' :,rolll' or thl' wm'h i:, ,':' it 1'1';<tllt of till hil~.irIild. lit IIllth'wl't,lltliUf\. VI'1'~'

hroad. TllI'll' iH un !\l'Ill'ralmathI'IIHltil'illl'nlllll \\'ol'k ill whlcl: 10 illHll~'}i(llltl'Olll\ly
j\('('I'!t"'iLtillll 110\\':,: uolt hl'l h. t 111'1'1'illl~' I')I'iIl' IIl1lh'nil illl!lilll\ uf whut pa1'llIllI'tl'l'I:
",IlVl'l'll imitahilit~, mul truusltlou, '1'111'Iill'h of l'I'Cil'lll'( It ill thhl 1It'1'i\ ill fa('1 ('alh
fill' a !'ir.',mouN alit! Iuu.l.nrn-utul iuvl,:;tigatitlu illln tIll' h,INit'!{ il' i\!'I'I'It'l'i~tiVl' now.
TIll' !ill'! tluu 11I11I11l'! hl! I' Slll'll (l!Hll)1 hal< ('IIIl~idl'll'(l all !\t'('I'!l'l'iltiVl' !illlll~'Nifl

nl' tlll'H~ llnWN iN illllimtivl' or till' 111'1'11 fill' I'I'hl'lIl'! 11 ill thi" li(·ltl.

1)j;.('O\ I'l'~' III un IIwll'llviUI', pl'illdllll' ill al'I'I'h-l'atilll\ HOWNwould hI' f'i",uifi!'!lll 'II
that i', \\'1)11111PI'I'lllil till' l'xll'lI-illllllllllilll.\' 01 t hI' t'lIll'l'llt !'tl'atl~'llO\\ llll'tl.tldfl tn
,11'!'I'l'ibl' Ihl' 1II1l1!' I,I'IH!'HI, ,1:,1, IW,II',II\ III )1Il:,',l'fi;,illi\ HII\' JlHl'tklllill' 'ii'~llllinIlU'II,
c,tl'iulv 1111\\h \\'lIl1hl t lu-u I", ',1"'11 ,L, <imply a l"lll'l'illl' 11IW Ilf.~ limn' gl'lIl'l'nl t h('my,
.\Itlllllll\h thhi if, all j,h'ah;,lil ,I'ill. it :;1'1'\'1':, III ilulil'tltl' till' hl'(liill H'oIII' tit' all~'
Ili!T(I\'I'I'~ ill t hI' Iiohl.



('lJ..ll'·I1:B I. ()\'EIn'mn'

solut ions lobI' ohl'lilh'd. Whill' 1':';1)('I'itJl:,ui ally. tIll' l'('IMiV<' 1'111'(1of oht ailliug
Htl'ati;\' /'Xl'l'lllll!'lltal dutu llIah.·,. it !1)(' uhvlou« dlOil'l', St('l\llill(':'~' although a
11'1'1'111mat houuu iml ah~.tn\('1 iO!" j;; 111'\'1'1' !'I'alis!'( 1 ill 1't'al !lOWH, Flows showiug
I'ollslallt How «onditiun« in rvalitv havo 10 til' lin,! lnunalrt into motion Irmn l'I'ST

or dWIII',(,lt Irmu tiOUJI' olil!'l' statl', Alt.hough th« dvuunii« nntnre (If Ih(' How is
\'itilll~' ilUlhil'I;i1I'. tlli" lx-hnviour or Ilow« has ill 1\1'1l('ml h('I'lI avoid ..cl hy most
1'I's('arl'ill'l'l' ill t hI' Iiold.

Till:; tli('~iH is <til a\l('111111 to r-vonl .';OUll· of IIII' rhuuu tt'l'istks of till' 1ll'h avlo tI l'
of 1rub' \lllst Pillly Ilow«. 11 Il!I!ll'('~;Ht''' t Itt' llow ill it part il'lIla1'ly I'imph' gl·tlllll't l'y •
11m! wit hill a MIlIOOI II 1'>1mil~hl pip(' of circnlar ('I'OS>I-I'I'('Iinn • ill t ht, hOIH'I hal I lit'
hUU\lllll('utall'llI'l'I of sll'llllf', i\('I'I'!t'l'ilt!OIlS Oil !lows of allIY!lIl;; \\,:11 hI' I'('walnl
wit hill t hh Nitllpl(' Inunowork,

1.1 Scope of tho study

'I'h« m'l'matl' IIt'Pllkl lou til' t l'au:-<itinn ill lluitt il,IIV)1 if! lint jlU~t au iull't'I'Ht iug
I'Xt'l'l'ilw hut aU't'dH allilllHt ('\'('1,\' tlHlll'{'1 of 0111' IiWfI, Turbulent IlUWH141m\\' l'llVh
lIil\hl'l' hl'atQlrall;if(,l' rall's t hall huniunr lluws, whil« IhI' (!l'Ilg of a turbuh-ut
lw1l1111al',v ltt~'l'l' iii lal'gl'l' than ouo whkh i:, luminur. Aspl'{'ls or both llow» run
ill' useful ill 1>1',11'1iro, For iust 11111'1'.iii I Ill' !It'l'il'.l! !If a high Ill'l'forllIiUU'I' uircndt,
1'1Il1'rlll 11('hllllll!lal'~' ht~'l'r urowt h, 11l'1'llktion of t nuudtton alit! tIll' reduetiun
of 1111'1>1111'111'('at'(' lrnporruut ('Ow;iI\I'I'at kill' ill Iht' 1l111'(Hb'Ui\1lIit' <l(·~;il\ll. 011 till'
01 It('l' luuul HI1'OIl~\1111'1>111(111('1'j" iulvi1ut:W.I'IIUH ill promot illl, dll'llIi;"tlllliximr and
('\'(',1 ill:l'IIilli\ ill Iht, (,lllllhll~1 lnn IIlII('('h:; 1ll'l'IIlTillg ill (Ill' ~lallll' {\l'l'lli,lalll"H [ot
l'IlI'.illI',

S (;e~dy Ilows

St\1I1~' IIf MII'ndy lInWH O\'l'l' blnll hll(\il\~. aut! till' <l1'\'I'IUI>1I1I'111 uurl I'cnlrol IIf

hmunlnrv I'I~'I'I'~. hi ill till' n-nhn ul' '{'Illlwlltioual' Iluul dvumulr», uurl a. mul-
lilll(}t, of 1'!llIlIlIt'l'('iall~' ;t\'ililahh' IIlIllH'l'knl padmlV's mil 1)(1 aIlPli(,l\ III the :il\
111'01111'111:. with l~u!l!1I'll't,!,t. 'I'lu- trausitiou Ill' hll'i\tl~·ll1lll11tlal'.v htYl'l'N b, abo \\'('11
nudvt ....lolltl illl\I'lIl'l'al, 1I1I«!1',1I1II1l'OlTI·ltllioll hc·tw('{'11 tll(,IlI'~' and I'Xlll'l'illll'llt !1m!
111'(111IlhtaiuI'liltll' til!' 1'11111'.' tl'amiiliuu Ill'()('P}i~ill till' l'(;~,(' (If lihullh' lIuw!'llilll'h
m. 1ln: Hlil;ii1l" houml.uv laVI'1' mul pm ullcl rhuuuol Ilow«,

('lIl1~hh'l'illg t Ill'hlllt'll!'(" 1l~1'!1I1:,I.tlhlil'illly Ihlhl'tll'lll}lil'II'Il\lI1llth'i:-. fill' h11'01W.l~'
turbulvut :;l!'i\t lv 1Ill\\'!; 11."'1' bt'l'll ll\'ililahh\ I'UI' 1.11111(\ tiuu-, mul Ih('!;(' I',i\'(l u-asun-
ahk 1'1'H1I1t!iIur IImll~' lluw H\';;l' II:;, })pnllill' their huuuv lhultutiuus (lilt, iluitalll'I'
till' '1')11:'111'1" Pl'lIhlI'IIIUt' turlmlonn-), :HII'('I':·:;1'111 \'1';.1111:.hnv« hl'I'li ndlil'\,I'{lll:ihl!~
t hl':.!' 1111'111(1( \:; ill Iuirlv 1'lIllljlh'x dmnuln», :,111'11 1\:. I\m; t 1I1'hitH' (l1l!',ilH%



Chapter 1

Overview

A "('I1II'1\IIIlYfill'l'~' of til!' 11111\'1'1':.1'i<tilllil':i ill Ihl' 11(11);1\'iull1' of Iluids .uul how
11ll'~' llow. \Val t'l' lnun It tap. IhI' hltlllt\ ill uuimals' \'1'111'-;_alll1 tIll' inh'l'i\rl inn
of Ill'hllllllls iU1Pl'l\ala('liI' I\a~ ;11'('va-tlv l'l'IlI(I\""! from eurh IItlll'l' Iu 1'I1IIt(',t uiul
s,'al(', ,\'1'1 nil dhplil,\' a unlvor-alitv Ill' bohavluur that b 1I'lllal'l;ahlt' III ('lllI:-.hlt'l'.

FlllirlN when illl\\'illl'. 'It low \'('Jodl ii,s. 11111\('1' (',11m runrlil ious, nmlntuiu it :.11'111'<
1111'1'tlnu !!'I1th, toward it ;.illlph· ('(!lIi!ihrilllll of thv intrrnnl ilU11 ('xt(ll'llal tlriviug
lim'p:;, Snell How;. ('xhibil it huuiuurvd 01' 111711111111' strueturo, where li1Ihsl'<!llt'llt
!ayl'l':, of Iluld slkl« :'Ill(mthl~' pall! ot\wr:" and where p(lillt~ in tho Ilukl initially
I'lmil' tlll';lI'h (llh,'!' l'('llll\illl't'h\ti\'('\~' t'ltl~(I, (ll'Ill'tlllUI' (lilitl\ll('('t1 from (',ll'll oth('l'
ill 1'1'1uive proportiou til 1111'11'H('Pilt'alions, Ilowover, when It llukl i~1II1'iVl'll ~mf<
Iid('lll Iv far fI om t'lIuili hrl 111II, it luudanu-nt al dian!'.!' in lu-luwiour il' ()h:a'l'v{'cl
wlthln tluu llnkl, AI Ihh l'1'i!kal }loint. tIll' lumlnur How ofllil' 1I1litl hl'l'al,·~down
allll it t.iullo;;i'y (If motion IIt·\'C'lnp;; uutll u highly ;;flldw!,tk or tnrbuk-nt llow
l'('~~illll' 1)('I';;i;;t;;, {'lIlil;t· till' lumiuar :',\'~it(llll.t'lldl Iurlmlvnt flow h1WWH vhuut it'
ruutiun of hulividuu] pal'til'h':" nml pOillh ill Ihl' illlitll'lu:,,, 10 I'lli'll ulliN' will
'lldd;ly i)('('(lllll' lli~lilllt. !-IIII'll 1I1l1\',. -how ItO iu',!.lIltalU·om; IIllilhl'lllil,\' ill IIt!'il'
mcriou U'i ill lnmlunr Ilow«, hilI urr 0111.\' 1-ot'l' II 10 a:·'l'I'iI)('to un (I\'I'I'I1I',C' IH'('clklahh'
1)('IIIWioll1',

'1'111' Jll'l'llit'liull 01' Ihi:, poiut or Imw,il km h!',\\'I'(,lI wdl,ul'lll'l"clll1l11iUat' fluw uiul
t hI' ll\l'hnll'llt l't'f'.illll' ha:, hl'l'll IIII' "llbjr'('1 of illll'w·j\,(, 1'(':.('IU'1h lill' lllall~' w;U'I',
})1':illill' 1111'\\'('alth of ('ll'm! thrown al Ihl' pl'tlhh·IU, mnrh 0(' Ihl' Iundnun-mul
Il1'h1l\,jo1ll' ul Iraw,ilion ;;t ill lI'lltaiWi lIUI'!Pill' uiul oulv till' f',l'lll'ral II(·hll\'illlll' of
it \'1'1 \ low MilllJlh' !lows j,; \\'1'11hU\\'Il •

•\ Illlltlilllll'lllal il'<;'1I11l11litlll IlIillll' II" lUll~.t \\(1"1,\'1''' ill IllI' !id,tul' truusltion
1111111 I'XPl'l'illIl'lIlalbh .uul tlll'lIlvtil'hIH:' j-. Olll' of' ~itl';tllilll'~.:" Slnrlilhi III'I' 1',"110
1'1;111\' 11('1[ll1l1l1'l) 1111 110\\,:, wlio.« lIlt'illl \'ilhw." ,10 uut dli\IH~1' ill tiull' (:,tlwly
Iluw-lieh h). Ill' whvu- ill t hI' WI'\' It'a:,t 1hI' \W'lI It 1I1l\\' varia! i011 ill Ilit' \'11111111.
nth,:, j •• },I'lll ('OW.IUlll l,','Pill!\, hOlllll!an' !'I lIHIiIiIlWl). 'l'lu :;11'.1I1~' .1:,:,IlUlpti!1lI

,',itllplilir" ,h,' IItilflu'luat It it! ,it",t'I'ip! tou III t I r',41' 1I0w,., AHal"l killl\" it alluw:.



Part I

INTRODUCTION



Gl'(1(~k symbols

n wave 11lllUI)(>1'

1)(l111H larv ia~'l'l' IhkklH'~;i
b* houmlnrv la~'pl' (liHpin('Pllll'ut thkk)lP!'s
// ojl('ratioual diflhpllfinlioll matrix
/,' parallel purumr-tr-r (nuulysix)

LDV 1H'HIll halr-all!'.l!' (l'XJlPl'illll'llt nt ion)
,\ Wi\wit'llgth of light
/1 dyuunilc \'h;('()~it~·

OJl('! ut ioual mult iplirut ion uiut rix (aunlvsis)
I' Idw'llmtit' viscosity
(I dlsturhnuco /'it!,Pi\IIIfunction
/1 lit'lll'lity
Tu' wall sheur l'iln's>l
(/ nzinmthnl ro-onliuntv
U aI'I'(lll'mti()1l Pill'all1l'tl'l'

'rbI' duunnv \,lll'inhlt' :; or l il'i llsf\d ill all t'l\hl'H twlnw I In illllklltl' till' Il1m'p"
111(1111of tIll' :iI'('I'Ut. !<ll}H'l'I'('ript, or ;'llh~(('l'ipt. It thH's 1101 tll'lWI(' any pill'tit'lIlnl'
varlahlo. 'l'h« rnpltnl form iK IlK('(1 ill those ('n~('H whoro a ('1I1Iilall(l1 11'1' ill lIlIIst
I'XPI'('((I(1.

;[('l'ilj
,'0

1'(,f'N'1l to I'Ull!liti(lw, itl I lit' t'l'itiralllOillt on I Ill' Htlthility curve
dillll'lIl"iollallliU'illll!'tt'l'H
llilllPI1;;jollh'''fl \·Oll'i!lh!t'H.
lltll~lllmtil\l \mhih \'1'('1Ill'
polvnomlu] ('(I(1f1id('llt \'(Il'tm'
('ollw'ati .. 't ('(U'llil'il'llt \'(I"tot'
1111\t rix oporut tH'r' ill t hI' ( 'hl'b,y,;ll!'\' bafij;i
<ibtlll'halu'l' (jll<llltitil'}\
ti('l'ivntiwfl of : with 1'l':'Jlt't'I to "" I' l'!':-'p(,t,tiwiy

Iv



Nomenclature

This nouienrlut \11'1' I\i\'l's till' Illpallillg of thI' major hYlllhols ill thili wlll'l" MIll'l'
HpP('ific- s,\'lllhuloAV Ihal is lo('alhil'd ill HI'OPI', is proporlv introduced whore it
O('('lU': .., awl jll thus 11111it I('11 1I1'l'I',

Roman R~ mbols

("

f
}.,

JI
I'
/II'
~1'

~1"

R
lit-
Hi'll'

","
!/

('pit'l'ily
rl'('qll('IlI'~'of Ll)\' Hi~ll.ll
I'XIllllll'lltilll il('('pil'l'alioll roustnnt
IJl'P!-iHIIl'('
r-idlul ro-ordinnte
uffl'il'l of volnritv prolil!' ol'if\iu from ('('UI1'I' of Ilil
nuliul tliHpllll'l'IlIl'lll of I.nV ht'llI'h
radial dlsplureruent of I.DV ronrrol volum»
pitH' 1'1\(lhlt.
HII)'lIllhIH number h;UW<lIlH pip!' l'illlhlH uud menu {'Wll'Hl('{'tiollnl "I')lll'it.y
Hl'~'lIuhls uumber ha~('d (Ill (1i~pItU'IIlH'1l1 thidml'ss
uxial llbplm't'IlI{'llt
\'('l()dl~' lll'Olih' I.hapl' Pill'illlIl'll'l'
t imv
axial \'I'ludt~'
uionn )Iilll' I'l'm.~'~it"('ti()llal windt,\'
llilH' "l'lIll'I'1i1l1' wlm .rv
nuliul wl()dl~'

tmw:\'{'!'};(' co- onll II III I' ( '011'1I'~;illll 1<,\':41'111)

lh



('.a2 Till' ('Ol'l'!'HPlllHII'!II'(' 11'(\\,('('11 .1' and the ot 111'1'veloeltv prolil« pa-
ralllt'(pl'S at dis('l'!'(1' points in til(' pipI' ontrnuco. for thl' ('as('
12 ,,:! 70. •••••.••••.•.•.••..••..•..•. 52H

g.1 TIl(' cnmuuuuls fol' 1111'nrqulsi! inn program,

F') TIIC' 1'l1itIllU'('11pl'lIt~rmll r-ontrul runnnauds fill' macro uso, 57!!

E.a 'I'll!' run-Ill» !'OlllllHllllb alii! thpj!' "<lilli's.

liii



C.20 The rurrt-spnndourv 1)('1\\'('('11.1' ami Ill!' other v!'i()('ily profile pa-
rnmoteis at <iis('l'('11' P(lillts ill tho pip!' ('1IIrllI1l'(', for tho ('asp
Sl '" 10. . .....................•....•.•.. !iHj

<'.21 \'I\dahl( ..~ ilwl PaI'tlllH'tc'I'S at di1'!'l'('I(' points ill tIl<' pipc· eutraur«,
for till' ('a~t' Sl .cc :m. Tho uudorlined datu <11'<' the values of tho
pat'HllH'tl'l'I" at thI' mininnuu rritiru] Rovuokl« IItl1111H'l'. til;

C.22 TIll' ('01'1'('sl)(lIl(ll'u('" 1)('1\\'('1'11 .1' all (I till' otlu-r velocity profile pu-

1'lI111('I.('l'H at llis:'l'pt(' points in thI' pipl' eutrnuco, for tlie ('I\S('

.t .:'C 20. . .....................• ,........ 51~

('.2:3 Varinhles und puuuuetor« HI (liS('l'l't(' polut« in tho pipe· outruueo,
lin' th(' !'iIS!' S! :1O. TIt(· underlined data an' tho values of the'
panuuvters al t h« miuinnun crit k-al Roynolds 1l1l11l1H'r. nio

( '. :l,l TIll' ('Ol'l'<'Hll!llH \P11('1' bpI \\'('1'11 ,I' aud tho 01 ItI'I' volority prolil« pit-

nuuoters at (liH('rl'tl' points ill Ill<' pip(' outmuco, Ior the' ('as('
~z co ao. .,., .. "., .... , ... " ... , .. ".... 1120

('.25 \'ariahh's mul paral1l('Il'rl' at (li:-;('l'(,(1' poiut» in the pill(' ontranr«,
for thr- ('asl' !2 c;: ,10. TIJ(I underlined data arc' I!H' vn!tl(>s of tllC'
panunetors at th(1 minluuuu critical Roynohls uumbor, 1i21

V.:.w 'I'h« ('OI'l'lIIlPOlHlt'I1('(' })(1(\\'(I('u .1' and t 11(1other wioC'ily profile pa-
l'al1ll't{'l·,o.; al rli~{,l'('t(' POilllS ill tIl(' pipe entrnuro, for tIll' ('ill'll'

!2 ::::..: ·10. I' I , , , I • , • t I , I I I • • t I I I • • • t I I , t I • 022

(',27 \'nl'iahl('s uud punuuetors Itt (li~('l'(lt('poillts III tho pip« ('l1t.l'IUl('(I,

fIll' tho ('a~(1 U ,.'" liD. Tho unrlerllned datu nro 1'111' values of tho
l>nl'lLuwt(II'S at tho miuiuuuu ('l'itknl H(I~'llOhIH unmhor, 1i2:J

(',21' Till' ('Ol'l'('I'IlOlllit'II(,1' 11('(\\'(,(111 .1' nud tlH' other wlo<'ity profilo pit-
l'al11('tI'l'S ut (lis('r<'l1' JlOilltK ill t 111' pipl' 1'1111'1111('('. Inr t.ho I'asl'
!2 ccc !ill. .....,.,......,...............,. 1i2,l

(',:W \'al'iabh'~ uud pnuuuotor« at (lis('l'l't(1 poiuts ill tho pilH' -ntmnco,
Ior tlIP ('tl~;('!2 . (ill, Till' underlined datu 111'(1 tl1!' vnluos of tho
pal'allll'tl'l';; ill I Ill' niiniuuuu !'I'itit'lI! H(IYIWldH numhor.

( '.an '1'111'('!ll'1'I'S}l!llllit'IH'l' lu-t \\'('('11 ,I' uud 1II!' ntlu-r wloritv prolll« pu-

1':1111(111'1':' ut di~I'I(1t(l poiut:-. ill t lu- pill!' (1111ranv«, 1'01' t lio ('a;;(1
!2 '(ill. ..,.....,....................... !i21i

(',:II \'al'iahb; alllllHlI'nll)('t('l'~ nt tlh!'l'(,t(' poiUh ill Ih(1 pip(' ontrnur«,
1'01' t IH' ('n~!'U il), Tho 11111It'llilll'. I Ilal it an' th« \,ahll',; of t hI'
1'011'11111(111'1'1'it I ln- mlulnnnu ('l'iI ka\ H(',\'llolth; muuh-r,

Iii



C,D Crith-al jHll'HlllP(('l'l' ut <1isl'l'('lp timos ill tho fur-downstream nn-
pulsivoly started pip!' How. {or t he ('as(' H "" ,10. TIH' uudorlluod
datu nro th(' values of t he parmuott-rs at Ihl' miuii ,:1111 c'l'iti('al
I~(·~·ll()lr!snmubcr. ..... , .... , .. 0 •••••••• , I • • 505

C.lO TIH' ('OI'1'!'SjHlIHll'lu'p 1)(11W(I('1I t ,ulIl Iht' 01 hp1' \'(,Iodl,\' prolile pu-
nunetvrs at dis('l'('Il' !iull's ill tIl(' pip!' outnuuv, for t he casp

fiOO

C,l1 Criticul panuuvtvrs OIl(lisl'l'Pt(' tillll'S ill till' Iar-rlownstroatu lui-
JllllHi\'('I~' HIlt1'II'11pipp How, Ior : h(' ('asl' U "" fin, TIll' uudorlinod
dat it ar« tIll' vuluos of IIII' pal':lUl!'IPl's at IIII' miuiunuu nit k-al
H!'YIlOldH 111l1111ll'l', .,.....,..,.".,..,.".,.. !i07

('.12 The ('OlT('SPOIl(\t'lH'(' herwcou t and the otlH'l' wl()city profilo pn..
rallll'l ('1':-. at (IiS('l'('tl' I inu-s ill til!' pipl' outrauco. for t hI' ('as('
H:-:: fiO),

<',13 ('rit kal pununotor- at ,lbn(l! P Iillll's ill !hi' fur-downstroain hn-
pulslvolv s!lIl'll'd pip(' flow, for th« ('IlS(' U ::;"GO. TIlt' undorliuod
datu uro tIll' values (If Ill(' pnnunotors llt th\' miuhnum I'l'iti(';d
HI'Yll()lds 1l!1I11IH'l', ,.,""",., ..• ,",. fiO!)

('.1-1 TIll' ('OI'l\spollclplU'P hl'tW('('ll f and tbo 01111')' w!ol'ity profile pn-
l'ItllH'II'l's at (lis('l'Pl\' runes in the pip, ontraueo, for the ('asl'
~l c:o (jn, , •.. "." ..... ".,"""""',., 51n

(,,15 Criticnl pnrnmotors III dis('l'!'tl' times ill Ill(> Iar-dowustroam lm-
pulsivoly stal'l('(1 pip!' Ilow, COl'Ill!' ('a~1' si 8 70, TIl(' underlined
tlata ,11'(' i'lli' va It It'S of I')l!' PIIl'a1Ul't('l':; nt I III' mlulnuun (,l'Hkal
H (',vllolds nmubor, ".".,.,.".,',.".,.,.,' 511

(',W 'I'ho "Ol"L'PSllfllui<'U('!' 1)('lw(,1'1i t 11lld llil' other volocity prolil« PH-
nuuotors nt dis!'l"l'tt' tinu» in Ill<' pipe ontrunro, [or tho <'USI'

Sl :0 iO), 512

(,,17 \'uriahl!'s aud pal'alul't!'l't-> at db('I'I'!(' points ill thl' pipl' ontrunro,
COl't lu: 1:('1'(1 act'l'lc'rat ion ('!lS(' (H 0). 'I'll(' uudorllucd data Ill'('

t hI' vnluos of I h(' parnllll'tt'l't-> at tit!' miuluuuu rritlenl Royuokls
1I111ll1H'1'. • .• ,.".".,., ••• ,"""""'" rita

('.11' 'i'h« ('Ol'l'I'Slllllllil'lI('" hotw (,U .1' uurl th(1 othor \,l'lol'ity prolil« pn-
l'allll'lt'l'S at <Ih-"l'Ptl' jl'lillts in I lu- pip(' ('1111'.1111'(', fur tIll' ,'nsl' (If
!('l'o i!(,(,plt'ratirlll (H 01", " .. ".,",.,. ril·1

(',W \'ariahlps autillamllll't<'I'S at ,1i:;('I'I'It, IHliutH iu tho pip(' eutruur«,
fill' till' (·n:-.(·!l 10, '1'111'uudvrlinod dnt a an' t ht' \'HitIP!'I of IhI'
purunu-u-r-, ut til(' ruiulunun ('l'itil'ill HI'~'u!lltlH number. fil:i

u



17.1 Tho valno Ior IIll' mininuun critical Rovnold« numhor based on
displureuient t hidmt'ss Ht~. for various orders of solution and
t10111aill truncntlou, for I ill' pat alh-l impulsivolv st ltrl!'e! houudury
layPl'. .,., ... ,", ...........•..... ,.... ·10,1

au TIll' values of till' jllll'illlll'tl'rs R: n. Sl of tho exporhnontal Ilowrntr-
variation« Ior till' sl'paratl' !('sts. . ...•....•.••... ,. ·12D

C.1 C'l'iti<'al punuueters at tlist'n'll' thnos ill till' far-down .roam im-
pulsivolv stnrtvd pip!' 11m.... for till' zoro-nnx-lorut ion ('a~p (U ,~ 0),
Tho 1111tiI'1'1i11!'t1dat a at'l' IIll' values of rho pal'illlll'll'l's al till' mill-
huum rrltlrul H('ruoldH ntnuhei. . ,1!J7

C.2 Tho ('Ol'rl's))()lld('u('1' 1)('IW(,(,l1 t and IIII' other vl'lol'ily prollle pa-
rmnetcrs ut dis(,t't't!' t illlPs ill tit!' pilH' PUlra1,('p, for tit!' ZPl'O ur-
rvleration (Sl ;~ O) ('11;11', ••••••••••••• , ••••••••• ,WI{

('.a (dtkal )lataHIt'I('!'/{ ut tlb('l'l'tp titU('S ill tho Inr-downstromu lui-
pllh-d\'('I~' stal'tt'<I pipt' Ilow, for llll' ('ill,(' H :,:: 10. '1'11(' undorllned
(lata art' t lu' values of IhI' pa1'a1ul'tl'l'S Ilt. t 11(' iuin'nnnn rritk-ul
Roynold» 1l111ll111'l'. • ••••••••••••• , ••••••••••• ·w!)

('.·1 1'111' ('Ol'l'l'spoll(Il'IU'" ))(\lwl'l'll t and thl' other wllJl'ity profile pit-
nuueton- at t!isl'1'ptl' tiul('s ill tIll' pipI' ontrnuco, COl' Ih!' l'HH('

500

('.5 Cdtit'1I1 llal'llllll't('l':-: Itt t!j~1 1'1'(1' liul('s ill tho flll'-(!OWllstl'l'a11l lui-
l>uhliwly sturtod plpo 11,)w,for thl' 1'1\,,\' H :::.:20. TIH' underlln«!
IJaln an' till' vnluos of Ih(' pnmllll'tl't's Itt Illl' rnlniuunu 1'1'itimJ
Reynold. .. number. ..' ,....... Iml

('.0 'l'ho 1'1lI'l'('s)lollcil'lIl'P Iwi woeu I aut! tho ot 11('1'vplol'iIY prolll« )In-
1'11111('11'1':;at llisl'l'Ptl' tim('s ill IIH' pipI' ontrnur«, COl' I lu- ('asl'
H :c 2U. . •.•..• , .•..•........... , .....•• 502

(' ...( Critlcul pat'l\lll('ll'l'H at disl't'l't(' lilll('H ill IIII' fal'-<ioWtl!-'itl'l'lUll lin-
pulslvolv slal'll'd pipl' Ilow, for t hI' I iI~('H '''' :lU. TIH' mulorlln«!
datu 111'1'tlu- values of thl' IlIll'allll'lt'l'H at till' iuinlnuun I'l'iticlll
Hp,vllnltis number. 50:J

('.H 'I'hv ('OI'l'I'SP'llldt'w'p )11'1\\'('(,11 t aut! tho nthor wlndty prulilo pn-
l'Hlll!'I!'1's at tli~('rl'l(' thurs in tln- pip!' entrnnr«, Ior llil' ('asp

an). 5[11



12,1 Varin: ion most unst abl« l'igl'uval1u' wit h order ill plano Poisenill«
Ilow , fur II 1. HI "a 000, vmnpnn-d to rosults w'u!'ratl'(1 by
rxplirit Iranslorrnut ion of oporatnn- into t hI' or! houonul hasis,
Oulv IIll' imugluurv rnmpouent is showu, 21!l

la.1 'I'll!' rouvergonr« Ilf tlu miuiuuuu crittcnl HI'.VllOhls number with
order for t IH' 1 ('SPlit il1\'('stir~at ion. , , . , . . . , . , . . . , . . . 2iO

13,2 Maxlunuu lH'I'llI'I\(',\' uttuinrxl for tl)(' most uustable l'igl'uvahH' at
n ,~;1. lit lOOOO. as rmupanxl to til!' l'('snlls of Ol'szar; (lUila), 2i'O

.i:i.a Couipnrlsou 1>1'(\\'1'1'11 Pl'l'li('llt rvsults IiII'I IH' most uustuhlc I'ig('ll'

value with (\ ::: 1. He ::, 10 (lOO, aud tli()"!' f1'01l1Ol'SZil~~(1Uila).
with N varied 10 show 11:1' ral!' of I'OIlV!'IW'I)('p, •.•. , ••.•• 2i1

la.,l Tit!' variation of thl' most unstabl« "hV'II\'a]t\(' [01' plnue-Poisouill«
flow with It 1 011111 i11('1'''ilShll~ /?I. (,OIll}HU'C'(\to t he results of
(;I'1'sliuf.!; (1!IH1) ami dn ~'ilVil (Hl!I(). • •• , ....•• , •.•• 2i:J

13.5 The vnluos IiII' thl' roustant« (/1 for til(' rho various touiporul (lis-
crotlsation S('h(llll(l~, f •• t •••• , •• t I ••••• ttl ••• J !!ii

13.U Vuriat ion (If rontrollne volodtv ill iuipnlsiwly stm·t(l(\ pi:H' lIow far
frf'lll tho inlet, showiug also tho values olu niued 1lSill!,; du Silva's
(.!J!IIl) Iiuite-dilloronr« alr~orit 11111. • •.. ,. . •.••• ,... 21'2

1a.i Vnrlatiou of paruuiot or« ill hupulslvelv ~t art I'd pip!' Ilow I'm' Iroin
,II(' inlet. ..........,... .......,.....,.. 21:'11'\

l:i.K 'l'lu- truurat ion I'l'l'OI' for t hp Blnsin» solution, Ior various value»
of th:' domain ,i;~('I.' and Ol'!\!'l' N .•• to tll(' 1<·\'('1of tlil' I'OIlIH\·oll'

('1'1'0\'; (), not ,\'('I proprrlv !'Pjl)'('sl'"lntiv(' of lilt' solutlon.

la.!) 'l'lio value Ior : Ill' miuhnuui ('l'itkal HI'YllOld:; 1111111\1('1' hasl'd Oil
l\ispla!'l'llll'lll t hid;II('I'~ R,» 1'01'vnrinus (mil'!':; of solution !tIH\
duuiuiu I 1'III11'al ion. lin' t lu- B1a;;inl' houudarv la~'l'l', .,..... alll

I,Ll TIll' I'nll'ilIH'(' !<'ul\th lor a pipl' illll'l XI i1S !\ptl'l'lllitll'(1 J.,v various
nut hors, .., , ,...:n 'i'

li1.1 'l'h« varlut ion of t hI' Iiuul t1isplill'I"III'ut Ihidm(':O;~ "::"/ U wi: h HI'
('ph'm t ion parun ll'f ('I' H, !',i\'l'1l 10 !I ~il\llilkaUI 1i!"IlI'I'~;. . aaK

xlix
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2.3.2 Pipe flows

Far IC':;:; research lid, 1>1'1'11 nndort ukon into pipl' flows. They nro H, nnillgly
allalogOllH to flowH hetwoon pnrallel plat!'s (hoth will develop purabolic laminar
prolilos fill' down-tronm ill thI' ahS1'1H'1' of trnm-itiou), hut wheroas t lit' planar flow
IIllH I~well dt'liuP(1 miniunuu erlt icnl HpYllOlds 11111111)(,1'for t IH' parnholl« profllo,
of 5772,221 I' [Ol'nm[l (1071)i A, DllWY, unpubllshed- Drazin & Rukl t1!Jt:l)J aud
itH pir;<'llvalnl' spp('lra nro \\"1'11(It'lillt'lt, I lit' plpe-Poiseuillo Ilow shows UO snrh
linitr- stability limit, Tho pipl' inlet flow is 1lOlllHlal'Y Inver-like and behaves ill
a shnllur WilY to n flat pialI' boundary laver in a 1)1'(';;1'111'1'grallh'ut. Studie« of
tltt' pip!' svstom have thus 1'I'nlh'PlI tIH'IllHI'!\T'4 into two lrranrhes: lli(' stullit'H of
houndurv luvor-liko hp!ta\',ol\l' within till' pip!' inlet, anti aud rt's<'arl'il lutn IIH'
hehaviour of t It!' Pniseuill« limit of tit!' flow,

Polsoullle flow in It plpo,

Unfortuuanlv uutch (with hhHIHi,~ht, lllil'i<iil't't'tt't1) t'fl'ort has hoou used 10 auul-
>'S(l tilt' pipc-Poisouillo Htahility l'ill'l" witit'll hn« Inllod to show uny iustabilitil's to
(wy small dist nrhull'C'S, '1'11(' hody of work <iir('t'tt'tllo iUV(lstiglltillg t hil'l flow IUIH
boon suhstnutia! [S('xl (1!J27), Pl'l,<,l'iH (H).1g), St'xl.'\:; Spit'Ult'rr, (Hl5H), ('(Jl'('OS &:
Sellars (llJ5!J), Gill (lUG5). Lossou, Stuller &: Liu (U)(i7), Davey & Drnzln (WUO),
Salwou k Gl'oHdl (1072). (ial'g k Rouleau (1!l72), BIll'ritig<, (Hl72). Motrnlfe &
Ol:4Zar, (1!Jia). Salw('u. C'ouou ". GI'O~t'}1 (WHO) aud Srlunid &: Ilonniugson
(lU!H)]. awl except for It Iow Iluwod unulvsr« [01'1\1,1)('1(1070), Munakata (lota.
lOH:i)j which dkl Iind stahility limits. all stntli('H haw proved t'Iltt'p;ori('nll,1' that
Polsoulllo flOWH art' ill fat'l uuroiulit lonnllv HI ublo to lufluiteahual porturbations,
This roncluslon has boon ('OUHl'IlH'd oxporhnontally hy Lr\tl' (W5H), Attention
wn« iuitially j'ot'lls('d Oil tIll' :·milj(,t't quit!' possibly hpI'!mHt' of tho t('llIPtillf~ly
shupl« Ilt'Ht'l'illlioll of : Ill' hust' Ilow - 1/ ;;:: 2['111[1 <~ (1'/ R)2J. t'omhillt'd with tho
i'1wt that (Itt' ('arh'l'liim l'ollllt<'l'lmrt of this flow is Iilll'!tl'ly unstnblo. Th(1 subse-
(Input pXt'('s~i\'l' ('frlllt is ll'ollllh)y Ihl!' to, liS Morkuvln tV Roshotko (1(Jl'lI) put it,
..' II mn/l1l'1II11tic'uw8 1II!Jfh ihu! i71.~ltlb!litll tuul tm1l8iiio!l of in1C'1'I'8{ tu'» 111(1('('
ill (·.qiablisilnlll1lm/UI/1C' wnw 1I(}11"~[ill II pip('j. III furt turbulent How fill' down-
stromu ill tl Ht(,atly pip!' llow h< tli!'l'(,t)~' attrllnuubl« to trnnsltlou ill tIll' iulot
:1IIt! its l'i\lhSl'q\\('llt rnnvort inn duwnstn-um.

Finlto-ruupliuule t;tllllil'K or thl'l'l!, f1()\\'H huvo hoon 1111111(', hUI as with tho linear
~l\llli!':;, thd!' 1'1'1('VillU'I' to tlu- physirul <1(,H{'l'iptioll of trunsltion iu tht'l'l(, HOWl<i:4
questionnbl« Dbllgl't'l'llll'llt ('XistH ('\'1'11 11('1'<': slnllit':; by S('ll I'l til (1lJHn) gaw
Ilultr-umpllnul« l'lllliJihl'in 1'01' this flow, while Pat!'!'ll & ()l'HZll~~(lllHl) t;howpc)
UOIlt', In ronlitv, I his prolil!' lIt'I'(\S t hI' "11pl'l'JIUHit iun of loC'ally illlll'ctiulln\l't'giollH
wit h mugult u.l« of lip to j'X [Morkovlu ,\; l{c>:,lllltko (l!ll"!l)j of tilt' coutroliuo
veloritv ill on I!'!' to hl'l'OIIlI' 11ll~lahl!',
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r(l:,mll' ill auv huprovoment. Snhs('(jlll'llt lv it ( uroful rousideration (If t Il!' I'Xhitilll~
('viciC'll('(' - both exporhnental awl nuun-rirul - 1('(1 to a 11('11(11'l11l(I(ll'HlaU(lill~~ of
I'll<' variuus :,Ial'.(''' of Ill(' Pl'(l('Pl'K. it1<'lItifyillf\ Ihl' import alit t'\('llll'uts, 'fhl' hasic'
i·i(Plls of tIl!' truusitlon 11l'0('(,}N ill houudury J.WI'I' Ilows iiI'(1 suuunnriserl woll Jy
fip;tll'(' 2.1. and 1\1'(':

(i) H(','"ptivity [Gohbll'in (Hl~:)), 11011 (H)~(j), Tam (HlHull of til!' houlldary
111)'(11'to dlsmrlmnros, nurl thl' Huhsl'(llll'llt HOW Iiuour growth of till's(' dis-
illrbane'c's as 'Iollutoiu-Schllrhtiua (T-Sl ""!lVI'S. THs :-;I!'ll ('Olll}ll'isps tho
111'iIlHll'~'instahility of Ihll llow

(ii) '1'11(1'f-S WlIVl'S cll'wlop thr('(I·t1illl!'llsiollal dlariwt(ll'iHti('H at tIl(' HII\l't of It
non-linear iutonu-tion with th(1 flow, awl deform unto the' A VOl'ti<'(':, S('l'll
ill both nunnrlrnl w!lrk awl oxporhnent. This prO('(I"ll is well suunnarisod
hy II(,l'l)('l't (l!l1'lfi, l!JHH) HIHI Morkovin & HI'"llOtlw (l!lH!.l), A uumbor
of Hl'r,mr;l'lIll'utH of t 11(1,,('vOlIit'I'H haw )'(1(,11 ohsorvod - t he' Htng{Wl'pd (.
nud II tYl)('K. and Ih" K Inl!' 0 awl Ihl' agt'('('!u('ut of til!' HIlIll('riml work
wit 11oxperhnont h; l'!'lll!ll'lmhly gom]. Thi:-; part of t lit' Ilow dovelopment i~
usunllv tonucd HP('(llulal'Y iutitallilitr. hut is still fill' from Illrhu}t'lll'(',

(iii) {Tl\(l(ll'~;I!\lHlilll\of Iho irl'li.!ll',IJ Ilew lnvukdown has only l)('gltlll'l'('(lutly, hut
cuncord hal' h(l(lll 1'!'IIC'h{'{1 11('1\\'(1(111 111(1oxporlmontul work of Klobnuov !'t
ttl (HHl2) and nmnork-al simulatlon«. Bm-li('ally. high shear layPl's around
Iho A vOl'ti('('H roll up luto \'OI'ti('('S th(IIllH(\jV('S, l'(\Hultillg ill It HIlHtni.':lhl(l
}\l'()('Pl'lH that IPIUIH to (lady StlW'H of It wall-bounded turbulent flow, Slum-
lations of this llrO('ptiS W<'1'('lil'HI',mad!' by Gllhort (lUSH), and an excellent
SIlIUUu\l'Y of I II(' runvut understnudlug can Ill' (.')1111(1 ill K1<'is(ll' & Zallp;
(lU!)1), whllo SHlHlhnlll ,\,' KlPisl'l' (lU02) 11l'Pll('llt 1'l'HUltH '(lxtl'lH'tl'cl' Irom
GilI)(\l't 'H (WH~) munorleul oxperiment utlon.

Munv of 1'11(1:0;(1ctunlYt'(ls luwe drnwn upon Ihl' (\('vduJ>ll1('nl' of', Hoi onlv poworlul
computor«, hut IH'C" '1l1111l('ric'al 11l'O('(I(\n1'(lHSII('h ilK (:11(1so-rullod HIH'('tl'lll

(Fottrilll') llll'thod' \ 'nuutu rt al (1!l~i)J,

III 1\(I111'l'III (II(' major lIKI)('('ls of houndurv lnvor transil ion 111'('well UUd('1'HI:O()(1.
III H111nmal'Y, linonr una b's('s at!' I'llill vnlh 1 lill' IIll' (lady Ht'lg('H of trnnsl Ilou,
whll» oxu-llrut understmulhu; or thl' 1111(11' sIIW'l-! of trausitkm luwo 1)(1(111at-
tuinod by tho I\"P of tUn'('1 1111'1hoclHmllH'l' t hall h~' t 11(1mtlH'r luuitrd WIlllkly
uou-lluour I h('orip;" TlI(I (lilr1~' l'lllllhllHis plIH'(I(1 Oil uon-purallol (,11'(1('(1'ill high
HI'~'llOhIH nmuln-r bouurlarv lil~'(ll'H I1n~ 1)(1(111shown 10 1)(>illappro}lrial(', Ih(ls(' do
Ih'(H slwwillg lilt'lllSl'h'f>s ttl hI' \\'lHlI1~' ill~i!'.ldlki\llt, Thl« l'Olldllcl('s th(1 hI'OIl(\('l'
('OllKiclt'l'al ion or luunulnrv lilY!')' I'l'spal't'h ill ~',l'IlN'al, aIHI tho followiu!l t'('('('j()11
(\Pals with litoruturo of rd('\'llll('l' to ~t!'1ltb'pip!' Ilows
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TIt(,!,!, ,11'(' two 1'.('IH'ral (VpI'!' of nun-linear allPl'Oadl. 'I'lu- fil'lit tYlll' l'~s(llltiill!,\'
iuvulvos oxpausinns uhout 1111'llP1'11Il'hiitioll 11'1'Il1'; of Ihl' liuour t hoorv, allow-
iug t h« solution (II' :;illlplili('(l I"lualiou:- to (ll'l!'l'llliufl tlu- threshold umplitudrs
aud ~\l'()wth rat,,:; of III Ill ..linear (list mlmlH'(':;, TIH' ;;('1'011(1 appruarh is Si1H11!Y di-
1'('('t uiuucrirul exporhuoututlou, Sillllll.\tilll~ Ill(' How n;;illA th(1 fill! Nuvlor-Stokos
vquatlous alii I 'oh:-;pl'\'illg' till' result l'i, TIU' IlLnp~'met hod IlH!i only r('('Pl1tly
Ill'('O!ill' ft'asihlt" with th(' intrudurtiuu of powerful ('OIIl\lllh'l'H, Th« 1'01'1lI1'l' up-
pruach hns h()\\'1'\'('l' lu-on folloWt,(llill' :-(11111' tinu-, ill11I ron .•isl" of it well (l(lvl'iopl'd
t h('01',\',

Earl~' nou-liuvar st udil')i \\,{'n' h~' Bohl' (l!)()!ll, 1'01'1111'1' (Hl21 laud IIl'is('1l1H'1'/\
(l!l2,ll, although Ih{' Iundunu-ntnl (Olll'l'pis of ur-n-llncur unnlysi» \\'('1'(' onlv I,llpl'
luid bv Landau (l!J.lll !,,(,P Landau .1,: Lilshit« (l!J5Ul, Drazlu .\,: Hl'itl (WHl)].
TIH' hask aPJll'oadH'~: \\'1'1'1' ('ow,oiitlllt('(i hy Stuart (lUUOJ and WatliO\1 (WOOL
uud 1\1'1' I~('ll(,l'ully t('l'lI11'(1 11'1 akl!/ uon-lincur thl'Ol'iC'i'i. '1'111'1'1' ItlI,tli()(ls all al'('

l'UIlI'pl'lIpd wit 11I ill' f'Xjlilu:,ioll ill .uupllnul« (If tli:.;llll'hall(,(' llUHIt,S. ti('Hcl'illl'tl h,v
t hI' lill7ltlulL p([!H1tiUII.• \ (II'I ailp( 11'~'110p"is (11 this IIp}ll'Oal'il is cnutuined ill Druzlu
,\: HPi!1 (l!ll'll).

Till' wI'llld~' uou-lincnr t )H'Ol'i<'s ill'l' onlv 1tlllll'(lxilllal ions to t he holuwlour nf Ihe
n-ul Ilow, awl llllts uiust lit' 110.;('(1with l'iu'\lllllilH·(,timrl. Inapprnprlut« ('hok!'
of IIH' Luuduu l'u('lIid('lltl' !'all 11'.11110 lucorrort result«, aiul thus ('ar(' must 1)(1
t ukou ill till' allplil'i\t inn ul' Ihl')ip llll't hods, IIO\\'P\'('l" powerful insights haw boon
gaill(l(l hy their 111.;1'. Ful' instunr« in pluue-Polseulllo flow, substnntiul agl'('('lIl(11I1
has hl'('ll ohtuinvd Iwl\\'('1'1I II on- IiW'lU' stll!li('~ uud (IXP('l'illl('Ilt. Both P('}wl'is .I..-
Sltlwl1pr (lHli7) awl HI',\'lwhh: &. PoU('!' (lOG;) dPtt'('tt'll sllh·el'itit'al hlHtahility
ill this flow. uud lntvr both Chon .\•• Jol'l'l'h (1!)7,1) aud Itoh (1!)7,lh) eoullun«!
t bl'!'(' 1'1'1'1111H. '1'111' expr-rhurnt ul 1'I'slIlt:; or Nishioka f'l III (W;G) showed good
1I!\l'('('llIl'llt with I hI' t hl'Ol'ptil'al 1'1'~illlts ahovr, 1)()11I ill I (Il'lll:l of t he IUlIplitlllit'

uud Ircquourv (If rlistnrluuu«, IIIH\ with tit!' I'patiallll'owth ml('S of tho liueur
[H('l' Itnh (Wi,lal] uud wouklv uon-lluvar 1ll1)(It,;..

Stl'OIlI~l'l' nnn-lluour l'lf!'('I~i ('1\11hI' i\('\'o1l111(1(\ Ior ill tho alHlVp 1llI't\ulI\oio!\y hy
illl'l1ldillg (':-.:tra tt'!'Ill~ ill the !'xpam,iol!:';, !\O\'l'llll·d hy hi!~h(ll' Ol't!(ll' Luuduu l'ol'lli-
!'il'llt!', '1'lt('1'1' at'(' ('Il111plkatiolll' In ~\II'h IlPlll'ual'lH'fl, hut Hllt'('I'Hrlfllllillllll'itlllH luwo
111'1'11ohtaitw!l bv iuunv authurs [,Jo:.;\,ph.......Saltilll\l'l' (1(1i2), IIt'rhl'I't (WHO), S"ll
,\. \'PllkIlH'Hwal'itl (Hls:!)J.

J )in'!'! :,tlHIil'H (If IIII' i'il'('(llldal'~' itll.t nhilit ip;l Iplulill!', In t 1I1'111111'11{'1'\\'('1'1' iuit iullv
f'lltil'pl,\' ('XIll'I'itlll'utal [Kleluuioll' II tll (l!){)~), Kurhuuov .......I.('\'('IH'1I1w (10X,I),
Koxlov k Huuiuzouov (l!Jxll. ('!lI'('Il!'.\ Lin (l!Jxn, Sark ,\': 'l'hnmns (l!lXli)], 'I'h«
weakly uou-lineur t lU'ori(';; uhov« rouhl Il'lt ('tllldll~i\'('l,\' dp;'('l'ilH' the beluwiour
of !hl' nou-liuoar di~,1Ill'llilllt'PS [HI'(, IlPr]lt'l't (l!JH,l)]. awl I'XIl'llSilln~l to !1Il' ha"k
('()Ilt'pJltH of Lutuluu [P.j\. H('~(lllillil wavr illt('l'a('li()ll~i' ('l'llik (1!lHI")J (lit! nut

'In ruruparium, tl!l,IIIH'ilf 1111'111.\'1'11'\1\('( III tht' limit IIf mli.litt',imnl (lh.!llrhill" (I>{, 111111ill
fill't 11111"1f\IlWfll IIII' 11',,1 ",[0\\,111 IIf 1I11',I"I1[('(IIII"tllrl>iIl1l1"1 mull il fmr 11I11(Iiit1l1it' ,,. rl'oldU'd
1',1'1'!\i\lIHlIln\' (I W,7)1



CIl.:lPTIW 2, l,[TmU'lTm~ ormWlBlF 1,1

Non-parallel ('fi'<.'(!t',s

TIll' (!is('l'(I\lhHl'it'S 1)(·t\\'(I(·lI 111(' (lXlH'l'illll'lltal und utuuoricul results \\'1'1'(' initially
iHltll'l'ss('( I \lsiug IHm· parallel all(ll~'sl's, !IIuuv fi1\dl calrulat ions W(,1'(·('at'l'it'<i uti t
ill 1hI' SI'\'Plll iI's und ourlv ('il\lit it'fi, Initial ill t('lIIl1t", \\'('1'1' bm'('d 1I11expansion
Pl'O('('(\1u'(':' [11l1'oxmuple BaI'I'~' ,I.: Hu:;s (l!liUl. \'ololiiu (1!1i':i\' LillI'. '" H{'~'llOhll'i
(Wi:n], awl \\'(11'(1 oulv SIH'('I'~sf1l1ill lowvrinn thl' minimuu, ('ritkal H('YIIO!tI'i
11111111)('1'to !iOU, Bouthit·l' (W'i2, lUi:!) aPPI'.u'p(lln havo 1'I'solwII till' (li:-;('l'l'palu',\',
when he lll'('sl'llt('(i result ~ in suhstuutiul HI\I'('('1111'1I1 with Hu~~' ('Xl)(>1'i11H'lltal
work, 1101 oulv ill tl'1'III:' of 1hI' iuinlunun nitkd H('yuolds lIullll)l'1' hut wit 11
1'('I~nl'<1 to th(· alil',lllllt'llt (If 111(1('nth'l' m-utrul Htahilil~' rurvo. Gastl'l' (Hli',l),
iu a prolotnul HI1I(1~·. (lXlll'P!iHI'(1 runtlon about lllany 0[' tl,p methuds itsI'll to
iuler illl'it1Lhilit~· ill uou-purullel nu-thuds. III' 1>1'(',,(11111'11a lliIi'I'l'l'lIt apprmu-h
aml ('nlt-Illall'(l 11 uinr« l'Oll~it'l'\'atiV!' miniuuun ('l'itkal \'1I1t\(' of ,11'0, '1'lw1'(' thll
mutter f,tCHltt, awl l'OW;('lIlll'llt lv it nnmlior of further ltPlll'lmdll':l WI'I'(' ath'lIlpt('11
[Sa1'i!' ,v Ni\~'!\oll (Wi:;), SllIith (Willa), Vall Slijn ,\. Vall 111'l'Y001'('11 (l!JI':I),
al'iclnl'~ ,I,' ?llnl'l'i" (WWn] whit-II all ~'il,ltl(,t1I'(,IHllls SI'lllll'l'('(iI"Ollll'whl'l'(' 1I('tWl'(,1I

t Ill' low!'!' limit of BOllI hit'I' HIli I I Ill' IIJlIII'1' IlUl' of (;<\sl ('1'. In It Iuudnuu-uml
stulb' h~' H;~l'l ,I,' Kouzohuunn (l!l!H)), ;1 iuuuorlrul slmuluttou (If Ill(' problem
wus PI'I't'I'IlII'tl, vhullcuthu; Uns'I'I"s (Wi',I) l't1~1I1t2and Ilisl'l'(I(lilillg tho Bunthior
rosnlr, 1'llO\\'illll it to IH' Iortultuu«, 'l'hiH IlItjll't' Pl'l's('ut!'11 HlIIlUtI l'<'lI~OllS litl'
till' tlh;agl'(II'IllI'Hts hl't\\'1'1'1l I hI' uuthnrs IIIHI ('oll<'iIHit'(1 that non-pnrallol (·m'('ls
\\'('1'(' ill fm't 110/ huportunt ill !hI' Ilut pluto htlllllllal',\' lilYl'1' Ilow. Thl'Y a!-aorilll'<1
tlu: (lis('l'l'IHltlt',v with oxperhuont ttlllllssihl(' ('I'IUI'S ill tho t'XI)('l'itu(llllatip llNPlf
(ll1'('s;;lII'(' l\l,.\(lil'llt~, ('1(',) illltt rullod Oil Iurthor I'Xll(,l'illll'ntal w()I'I;, This llapl'l'
1'1'1l1'l'~(,1111'(1,~ lundmurk ill .IH' urou of 111\1llhtll' ~{tahility, and hl'u\lght to a hall
til!' 1>(,1'(,1111Ia1(li~nl\I'<'('lllt'llt~ mNll'iat('tl wit h 1hc' pnrtlculur Ilow,

Fiuitn amplltudo (llr('('h: and tl'nuHitioll

Till' jll'!'\'iolls allill~'s(''i \\'('1'1' a;i~t)dat('11 with Ihl' l)(lilll (If (purallol und IWII"
purnllel) linour iUht ahility ill till' pi PI', '1'11('t1nhsl'<lIV'llt dovolopmont of t hl'H(1
smull IH'l'tlll'hatiolls IOWIlI'IJ.; uun-lhu-ur Ilulte-uuiplltudo til:I!t'S uud finally to
t 1I1'hIlII'1I('(' has hp('11 1 lu: ~i\I"h'('I' of \'i~\OI'()lI:i l'('~(llm'h,

'1'11(' 1\1'O\\'th urul jIltn'a('liull Ill' tho 1I011·lilll'IIl' tl'l'un: l't':-nIIIH ill tIlt' l'it-hIlI'SH ot'
holuwimn' Ill' liuit« uuipll: wit- Ilnws, Non-llnrurity It'Il(I1' to unusual beluwiour.
Fill' iusraur«, Iluws nustulil« Itl 1hI' iiiit'llI' llihtmbaUt'(ls rtu. 11(1('01111' slahlt' at
Hlllll(' linitl' umpllnul« throshukl (.~IIJwl.I'nllt't!181I/.fl!ltl!ll, 01' Iilll'al'b' Iltahh' IICI\\'1'

Illa~' 1l('('(llllt' lIH}itahh' when hllhjp('II'(1 III a ('('1'1 ain II'\'(') of hllit('.Ullllllilll(l!' llil'-
11I1'1Ial1('1' (,~ltlH'1 1111111 1II,~ttlll1l!IJI),

JII i~illlt'rl'litml\ III ('UII',i.Ii'1' till' liulv-kuown illltlt'lItlUIII til l>nllin 8,- 11('111 (WRI) {Hl!Jl
n-pnnt]. whuh 11'(1111', ',111111' "I' tl.l'ir II\\'U l'iilinp, ti,'11 tlu-v mOl!:., Jn that hlllll" fur th., ('H',I'
"f lIuII'Pill<lllt'! I,m'rlll 1"'1111\.11I1lI1IIilllt ill I lu: thll 1'1,\11' hll\ll1It.lI'~· h\\'I'I'. Th('~' ah.o \'llllii('il\I'
(i." In'}; lI9,' II illlill\,l,h,



2.3 Steady transition

III thr- ('as(' wlu-n- ll\'pass transit ion ,101',. not (1('('111" alld WIH'1'(' ouvlrouuu-rrul
disturbuncrs .11'(' small, iuitinl I\n,\\'t1l uf (listlll'ball('('~ ill a Ilow b initiully most
l'I'I'tHilll~' ,IIlI' 10 thl' liuvar ",l'o\\'th of snmll perturhutious, as 1\1';'(,I'i1l1'd br linear
Htnbilitv t hl'01'Y, Lat !'I' (11'\'l'lojlIllI'IlI of t I\('s(' 1)('1'1111'11111i01l1' Ill'" nun-linear. Ot h('1'
('l['('('tH such a~ IllI' 1101I"IIiIl'alll'l uuture of till' [low iuuv have all inlluour« Oil
thi' st ability lu-haviuur of t III' !'~'sl I'm, This hl'l'tioll (ollsitll'l',~ thl' lalW' body
of literature ('otH'('I'lling Ih!';;I' dillorent .\slll'('I;; of trausitkm to turbulonr« ill
H((I!Hl~' Bmw, TIll' niuln ('It((''',Ol'il'loo of 110\\'1' (Ol1sitlt'l'I'd hl'l'I' al'(' flat plait' f1oWH,
mill 1~I'llt'ral pip(' flows. SOlllt' of IIH' !itt'l'at IU'I' lill' gl'lIl'l'nl (11Iu1I1I'1 Howl' Ihat is
(If 1'I'lt'\'I\III'1' is also 11i~I'Il:iH'(1.

2.3.1 TIl(' Ilat plate boundary layer

'1'111'Hal plntv N~'hlI'Ill i~ w·pflll ill Ilml it b IIII' II~YlUptllt k limit of pilll' Ilow«
tnwnul tho lulot 1(la Silva ,I,: ~IIl~!'(l!i!ll). Abbot .I.: Mm,:-; (Hm.1)]. TIll' hn:<i" \'('.
lodl~'lll'()lih·1Hls II \\(1111\1111\\'11aualytic solutlou, as d(lf<'I'l1lill('(1 hy BhlHillH (l!IIl!'!).
uud iuanv ti()l\lti(lll~ of'th« 1'('S\lhitl'~ uun-lluour t'({liatiull luwo hoen (lhtllitlP(lllI,iul';
yal'iouH nmuerirul nvhulque« IBiasius (WOS), Tiillft'l' ll!Jl2), Dairstow (l!J2ii),
(~oltlstl'ill (1!lall1. Ilowurt h (Was )J. EXPl'l'itul'ntll1 silltl~' (If tht·~(·: .ouudnrv IIlYG
('rs W('I'I' ('a1'l'i('(1 out hy Bl1l'gl'n' (1!I:.!;'i). ViIUtiN' II('!J~I'.Zi)l(,ll (l!J2,l). uud Inter
Nlkrudase (1!J.12), Till' lutu-r aut hor iII'('oullt('(l for (·!rl'('ls <lUI'til t hl' Il'atliur;
('tll~(1 of th(' plat(' til' Iroiu fh(' Ill'I'~('ll('1' ofsmall !11'1'1'S\ll'(' l,l'lltlil'llts a101l1~ till'
plait'. alit I ohl uined IlIl'asIIH·t1 w!ol'ity llwli]('S ill romnrlmhl« :\r~l'('('Ill('ut wit 11
till' t h('(ll'~"

Tlu: Blllldll:; )ll'ulilt's 111'1'sl'lfc'silllllal" und thus IL JhW!Il'HIahllity lUHlly~;iHis Himply
('IllI<'I'l'lH'11 wit h a Hi!lf',h' wlodty p1'olil!'. Dotuih«] oxporlmontul IIH'IlH\U'('IIlI'IlIt,
of ~fahi1it~· (If fhl'~;11llows Wt'!'t, uuul« bv S\'hulH\u('r ". Skramstud (lO·t;). and
lutvr Ho;;s d (II (lHiO) ('anil'd out all I'x!I'Usi\'(' Sl't (If UH'a~I\l'I'm(,lItHwhich ,',il\,(,
a mlulnnuu rritirul HI'~'IlIlI(IH 111111111('1'hasl'd 011 di~pll\l'('IlH'llt thlrkue« of nhunt
lOll. uud abo (1,,1i1l1'11the ('lIlit'(' hlahilit.v rurv« til u high level of tll'tail.

Ea1'l~' ('ilkllli\tioll~ of I Ill' minhnuur ('I'ilkal H('\'lIultl~ 1111111111'1'(11' this How wer«
IIIiU!t' h~' 'Iulluiien (1q:!!l). ~dlli('!tliug (1!I:m, Liu (l!1 l1iI anti Sh(11l (1Hrit). uud
al~l'l'l'(l with 11;(· «xporhnoutul rl'~\Ilts of HIl~s. {'llflll't II 1111t I'ly, 11101'('IU'('llmt!'
('Illl'\lh~t low! \\'tI1'HI' 11(,(1 t hI' I'oll'('(al hnu t III' ~.ol\ltion of .Iordinson (Will) 1'1Ii1wti

IIll' value to 1i'~Il.whllo a til'liniliw sulutlou h~' A, Dawr 1IIlIIIllhIiHllI'c1, h('1' Druzln
,\. H('itl (]!I~1lj Ill't I'I'lIIilll'( I t h" I'Xl\t'1 valu« 10 II(' ;,HI.OUO fol' this lhnlt.
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Figllt'I' 2.1: Till' 1\1'11(11'1\1nat 111'(1of Irauslt lou ill wall hounded liil('I\1' f10WH [Irom
Morknviu k HI';;hotkn (J !lSI))].

ill lli}lp awl 0111('1' similar wall h(l\lIult'cl Ilows, BY-PItHli trnusltlou is I1Hnally
!,>(I(l1l ill envlrnuruonts wlu-r« dist t1l'lml!('ps 111'1' largc' aud the 'trurlitionnl' 1'OI1I(1S

IIrC'sldpJlI'Il. 'I'his route II' turbulvuc« is possihlv importuut downstream in tIt('
1'111'1'1'111llow, whor« ,Ips! nhilisil t ion h,v lal'gp ('OIl\'PI't (lCI disturbunre« might 0('('111'.

Tilt' Ilh()\'1' HI'(" ious \\'('1'(' ('(IIIt'c'1'l1(1d wit 11u gl'llllli o\'(ll'\'ip,v of iUHh.hillty uud
trnusltiou, illdllCIiIlJ', IhI' hi~tOl'~' of t hll sl1b.i(·I,t. TIl(1 l'PlIInilul('l' of' hiH dWJlII'l'
hi ('01\1'(1\'1\('11with cll'tailc'c1lit"I'at1U'P j'("'h,\\,s ill H\lC'('iJk 1l1'1'a;; of illt('I'NII Ior th«
till'Hh •.
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equutions are perturbed hy it ~\('ll!'l'itl ({HautH)' and thou llnoarisod, \\'('1'(' fin,!
uppliod 10 Iluid systl'llls by SI okos, Kelvin ilIHI Rayl(lip,h. TIH':-w unnlyses \\'(11'('

diilirult I f hus iu\'('stigat iOlls ('OlU'('l'llillg t h;' behaviour of Sillll>ll'l' <'IuSS('S of Ilows
WI'1'(1 undortakou, TIll' snulv of tho ill~tnhilit.y 01 ideal (inviscld) fluids was
iU\'('14tigat('{1 by Ilohuholtz (lKGH), Kelvin (1~il) uiul Haylt'igh (1880), IIp!,!,
d(lstahHh:atioll of t IIp flow was h~' p1ll'('1~' iuertinl l'fJ'{'('ts, A Iundamontal and
sulllelout ron-lition fol' ill:-;tahility was (JjS('oWI'!'l1 by Ruyleigh (ofwhich Rovnokls
was nppal'l'llti,\' unuwero). II(' showed I hat it jl()int of iulkx-tion was It sulliciont
crltorlon to induce uonnal-iuod« or linear instability in it How.

It was only much later t hnt 1ll1~'I'igllili<'alll gains were ninde ill the undorstund-
ill!!; of Ihp viscous problem, On (HHJi) uiul Sonnncrfokl (lUOt{) developed tho
ucclahnod ViH('OIlH stahility oquntiou - t 1H'Ol'l'-SfHllll)(lrfl'lcl equntiou, which Iullv
d(hi('riI>I'H tho llnonr ;;tahility bohavlnur of Ill\1'111h'l;;111'(11'Ilows, This remarkable
('quilt-ioll has 1>1'1'11tl11' sllhj(l['f of hl\,(I~iliglttioll until tIll' 11l't'SI'III day. II('1I1'b,tit-
1lI1'! hods (If npproxinuu ion worv IN'd to olll nin approximat (I solutious to this
lour: 11 ("'([1'1' (lift't'l'PlIl iul ('igl'lI\'alll(' ('(Illation, 1>\11 with tho ml\'t'Bt of muurriral
computors, l\('('mat·(1 :-;(lilltioll~ rot cortuin t~'I)(,H of How SYHt(llIlll haw i)('('()u)('
uvailahlr .. Lin (10;;5) cuntulns au (,X('PUI'IlI summary mnl doscrlptlou of llnear
slahility,

2.2.2 Secondary instability and transition

Tho lim ur iUHtlthilily merhauism dis('IlHs('(1 uhovo iH roucoruod with I'll(' startill!,;
polu! III It Hl'rit'H of dWllA('S of HIIllp, 01' trunsitiou«, of th(' {low. pO:'Hibl,v loud-
lll~~ t(1 t 111'1>111<'11('(',Vpry l'I'('('lIlly, SIU'('PHS ImH heon nrhloved ill tho uuiuerlrnl
Silllllll~tioll of llHl:-otof t.ho trausltion 11l'1)('(':-lH,'I'ho lU(,('lmnisllls ttlltll"r()('(I~~('H ill-
volvcd luwo h(I('1I llisc \lo.;s('ll hy, muoun others Bayly t't Itl (1!ltiH), und Snndluun
k Kloisor (H)!l2), Tl i(' lul tPl' aUI hoI'S 1mVI' Pl'N'('lIt(ltl dot ailed t1('St'l'illti()llH of
tl.o ('()lUlllkat('{l 1'\'1'11' H l"i\(hll!~ Iinully to turbulence ill tho ('no.;1'of rhunuel How«.
Thus ill !~I'Il<'l'iIllilt' uwdutlliSlllS of the fnll tmnsition 1>l'O('('HSto tlll'hui('ll('(' frOll\
iufilllt(,Hilllnl dis! I' c11l1 1l('PH It!'!' quito woll uudorstoor l. IIl'l'!H'l't t l!lHK) 11l'('H<'11tH IL
tllol'o1lgi, ,'('vii'\\' Oil tlu- slIbj('('j whirh i:-lHliIll'l'lpv1tnt to(l!t~·.

2.2.3 Bypass mecl.anisms

A lot of work 11m; 11('1'11 (low' Oil what a1'(' (1'1'1111'(1 hypass 1lH'l'iUlIlislllS III fluid
!lOWH, whore till' gl'lllillal ~.(I'ln('lltial lnvukdown of tho Ilow is not soon. hut rather
n uusitiou to t urhuleur« <)('('111 S suddeulv, A suuuuurv of 1)1(' f',(IIH'l'al trausitiou
11l'O('I':-;H. j" gi\'('11 ill HL\IU'P 2.1.

'I'Iiis li!llIn' :-01'1'\<'1''\S a I\O(ld t1ps('l'ipt ion of 111(' current 1II11!t'rsIHll<1illg of truusitien
as il whole. Till' dH',sil'lti gl'mlnlll route t1('S('l'i1,('d ill l'I(,(,tiou 2,2.2 is shown in
t hI' uikldl« of till' lil'.lU'l', ('olltihll'l'at iou of t hI' lolt-hnnd path ill Ila' diagram
ii4 lH'('('li';ar~' ill tlH' ('lIl'Il'Il! routoxt, b('l'i\ll~(' it b a p()~:-;ihl(' route to 1'1ll'!JU!l'lH'('
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tho uou-Iiuonr awl Iiulte umplitude stndh'H in this chaptor: not b('('l111HPtll('Y aro
unimportunt! hut rath('l'lH'('.lllsp till' omphasi» of this thesis is Oil ('IP Iundauion-
tal nature of a('('plpl'alillg flow, Although It fiuite-nmplitudo stuuy of Htrougly
llC('t'l(,l'atillg flows woukl l» of fln'at. honeflt to th(' sllh.il'(,t, it iH a tOllie for later
work: for !lOW it is more important to estnblish till' /U18i(' behaviour (mathe
matlcul framework, hal'll' Ilow variation and llnoar Htahility) of tilt'sp unkuuwn
ilOWH l.ofor« tuckllng t 11(>more complieutnl )lIH nomona surh as the lutor ~t.lg('S
of rrnusitiou.

Fur this reason tIt(> <ii:.('uSHioll on Iiuitc amplit 11d(' ('If(l('tH given hore is morv of
all ()VI'l'Vi!'\\' of t ho slliljC'('t. CliS('UHl'iug t IH' pheuomcnu 1\u<1 uieehnuisms rat her
than till' methods of solution, a11(11'('[('1'(,I1C'('[4m'p given to othN' 11101'1'cll'tnill'd
cll'HC'riptiolls. Although all analysi[4 will uot b(' curried out, tilt' exporhuontn-
tlou will ('(lrtaiuly 1II' t;tlbj<'l,t t () flnltc-amplitudo ('ffpl'ls; thu» knowledge of tI1(I
morhnnisma h. invaluable for till' experhuontnl part of til!' study,

2.2 General overview

lui! iul ill\'C'HtigatioliH into till' nut uro of trausitiou W(,1'(, 11111.(\('in tho Illth counuv,
uotuhly l.v Kelvin, Haylpigh and Hpyuolds. Reynolds (1!:!tl3). in tho now fumou«
s!'ril'H of pip« tnuisltlou oxperhuonts, snullod the nature of the tnmsition prO('PSH
ill An'at (Hail, and IlIIUlY of tho f(l1\t ur(lH noted by him ar(' still tho I'OUl'{'(, of
illVl'Stigl\tiOIl t()(b;::, Reynolds' contrihutlun II) 111('Ilokl was acknowledged hy
naming tho law of Hilllilarily of Ilukl flow Ill' disrovor Itft('l' him, 'I'hls law Ht.ltt.<'H
that till' beluwlour of Ilukls is p;()v<'l'llNI by tIH' ratio of tho visrmlit.y to tIl!' moan
volorlty and dUU'!U'tc'l'ii1lk dimousiou (l.o. (Ua)/l/) nlone, and that, 1I1lidH lit
til(' smno Hl'YllOlcls munbor would 1H'lmV<'in til(' sumo way, Ill' disrovored tho
oxlstouco of u ('1'iliml Rovuokls number allow which trnnsltion to turbulonco
occurred ill tho pipo, mul that thi:, value i1u'l'('1\s('d as til!' !t'v,'i of diHt1lt'ha~."(I in
till' inlet Ilow ci('('l'l'HS('d. Revuold» moasunxl u eritlcnl Rovnokls 1\\11111)('1'of :.!aOO,
busod 011 diunu-t PI', MallY sl ItcJj!'s [d. B'll'Ul'K.'\.· Col(('1' \ lUOG). Schill('l' (1!J22)j
haw Hill('P verified lIw ('XiKtl'IU'P und bohavlour of til!' ('l'j(.i<'al TI('Ylwl(\H 1111nib ('1'.

In till' ('[Ui(' of pip(' flows Elnuan (lDlO) nuilutainrd laminar flow 111> to a VI\!t1<' of
,Hl non hmw!! 011 dlarnetor, u;;ing wry smooth l,i1)(';; (\1\([ ('i\l'('ful1y tailored Inlet
condl t.iOllS, On till' olltPl' hu tu 1 muuoroux oxpnrhnonts [Hl'l' S('hli('htillP; (W7n) J
uiaklna \lSI' of l'Ollgh('lll'ti piPl'H mul dist urhcd lnlot couditiona have resulted ill
the minimum valuo of tltiH punnuotor llC'ing ci(l(l'l'lllill('cl to hI' about 200n,

2.2.1 Linear stability

1\1('I·IIOCls fill' !lIl1ll~'l>illg tll(' (I1Hi('! of instahilitv 1mVI' ]'(11'11 nvailnhlo HitH'P bdol'('
H(lYllOhIH' fumous oxporiment«, TIH' lll('tllOd of lIm'lIwluwdr'8. whor« lit!' Ilow

1ll('('hllllihlllH 1m' inilisjllllnltl.\' uurl Iuuduuu-ntutlv lmportnut lu nuv trl\ll"itiUll i>I(l('l'li~

bv dl'linitinn.



Chapter 2

Literature overview

Conskleratiou of all tho HtlUlil'S in tho litornturo directl!l involved with tho ~mhj(,I,t
of uou-porlodlc unsteady trausltiuu would viekl only It smnll munbor of works,
While tllPs!' 111'(1 of rrurlul hnportuuce to tho \ urront study, 111('couslderatiou
of tho broader aspp('ts of tmnsltlon ill wall hounded Ilows is UPI'IIt'd, Hitl('(l any
Inndnrnontal study of <ll'\'!'l!'l':ltillg Howl' il' ,\II extension of, and will contain
nSjH'C'tH of, tho boluwiour of alroudv known and wklolv studied SYHt<'IIlS,

This chaptor Iirst P1'('S(llItH It W'IH'm! introductiou, whore literature couceruiug
tlll' history of t.lu' Hludy of'fluid mcelinulc» iHhri('fly citod. '1'II(I1'(lnft(,l' studlos into
1'('lal<'l1 suhj(l('tH ('Oll<'(,l'llillP; iustuhllltv and trnnsitlou in Va1'iOIlH important flows
are given, Finally llternturo (If di1'('('t Iutorcst is dINI, 1111(1its hnportnut n,'1>('('ts
diH('1\sSl'd, Tho lironuur« :;1\t'WY Pl'!'s(,lltNl 11('1'('is ill ('Ir(·('!. a broud overview of
the t'uti1'l' Iield of studv, and dotniled litoruturo roviows art' r.iV('ll throughout
this work, hi n more loenl context.

2.1 Scope and emphasis

This !'ImpI (11'prosout s llIprill 111'(' of im port iIIH'(' to tIl!' study of trunsit ion ill
flows ill W'lH'ml. As 1his 1'I'Pl'I'S('111~ I1H' h:u'lq"l'otUlIl ap;nillst which tltt' 1'lll'l'Pl1t
study Ill'vl'!oJlt'(I. tho relutivo emphasi« of til!' topicH ill this ovorviow l'(lJll'('t

t IH' emphasis of ilH' ;.;Indy. T1 is lll'illlal'ily ('OIlI'''l'1lt'(1 wit It tho Jz.tutl mt'I'hlt7tzl'ILl
I\Hl)('('ts of Ill!' sttl(ly. Dot ,till'd Sl\l'\'(lYS of uumor II't'illli<lU(,H or I,nV llH'I\SU1'illg

methods art' 1'(':-;ll'il'll'll to I h" dmpll'l's ill which (111''\'IlPIH'm\ to avoid dnttl'rillr;,

St1'oug ('lUpha!'is b pliH'!'11 011 tIl\' fm'tol'1l a(I't'l'tillg the' liu<'al' Htability of Howl'
ill gt'lH'ral. situ'!' it iuujor portion of tlio HtlHb' ('011('('1'11:4iu:->tnbility. Tho varl-
uus rosult« for dil['('l'l'ut t~'I)('llof flow H,\'Htt'1lI an' impnrtunt, !H'('I\llHl' UH',""may
roprosout Iiiuttinn hohnvlours of tllP rurrent studv, Another importnut roasou
for it hrond H!U'\'I'.\' annuu! tht' l't'gioll of iutt'l'Pst is to hip,hlif\ht tho ncuto lurk
of kU!lwh,tlg(' ubout i\('('pll'l'iltinf\ Ilows, Only superficial at toutiou is givou to

!I
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p;nilll'(1 from t 11<'unnlysis, awl comparison hotwoen tho two aro llHU[I', 'I'll!' ('011-

cluslous [<'Imptl'r 20j nnd reronnuoudutlous [('hap!l'l' 21jl'olld\l(lC' this compoueut
of thI' work,

1.3.2 Presentation of raw data

Modern developuieuts in rlut a urquisltiou awl llip trl'llIt'llll(Jil" iucreaso ill ('0111-

purer power ill 1'('('('111 Y('CU'Hled to hnl~('quuntitie» (~ 500 lll<'gallyt('H) of raw
data boing gath('l'(·t\ Iroiu 111('current studv, With such qUltlltitil'l'i of <1atl~ it. is
inuppropriato to presout t 11<' hask raw informntion, 1>1'('a1lHI'it would spau mnny
VOIUllll'S, 'l'hus, in k('('pillg with modoru dovolopmonts, thii> data is prosoutod
1)(11'1'ill dlgltul Ionu, 1\:-> it CD·HO!>.! included in appondix G, This allows full
'closure' of th« tlH'i'iiswhile not Slll'l'ilidug ('olllpa('tlU'HS, Thus l:lw S(J.('t~l1('d 'raw
dat a' that is presented graphically ill 111('appendlx is in fa(,t soml-prorossod ill-
Ionnatiou, 1ll11":1 nxlucod ill quantity from tho netual raw datu: and is ~iV!'ll Ior
t11\'sake o: convoulonco and quick 1'('[(11'('11('1',

1.3.3 Data processing and modelling tools

It is t'HstollHUY [01' the appli('d mal hemutlciun to lIS(' standard programmlng
iallgullg(lS, such as FOHTHAN 01.' C, to devolop tho uumerlcul shnulatlou code
of their study. Conversely, ill Ih(l l'<'Ul111 of datn proceaslng, use is usuully made
of sproadshoo] l"\('lmg(ls (L')\UH 123, AIkl'osoft Excel}, 01.' of stnnd-alon« code
doslgnod HI)(Idf' "lly for tlir purposo, However, ill tho 1>1'(,8('nt study, a siuglo
tool was avallable that ('lllhra('(ld all t 11(1allow facets of oxporhueutatlou and
analysi«, and I\S sueh it tiPS('1.'V(IS moutiou,

Both tho solution of uumoricnl prohleiu«, and the Pl'o('('sHing of till' oxporlmontal
data, WIIS aehievod using It fourth gNu'ration matrix language culled Matlab,
This product is It Hymb(lli(' matrix tool with inultifurious lIHl'S. ItH 1'1IiC'il'ut and
powerful nnurix munipulation ('llgilll' allows simplo coding of, and solution to,
t11<'uumorlcul problorns ill Ihis work, Oil tho oxporimont 1\1procossing skle, 11l1'IW
Hl'tH of datu could hI' nceonuuodatod with I'ltSI'. while till' extensive numork-al tool
kir Hilllplilk(l data jll'O(,(,l'sillg ('Ollsi<it1l'1lhl:v, Its platform imlopcndeueo allowod
Ill'O('PHsinA to routinuo on a desktop PC. 01 hy tlsiul!, 1\ powerful UNIX computer.
Mntlah is nvallnblo Ironi The Mathworks. Natick, MA (US.\I. or tllC'Y can he
contuctod vla o-umil ou till' internet at Gupport<Omathworko, com.
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TllO Introduction

Thill is j,J1(' current part of IhiH work, including thi; chapter and the general lit-
craturo survey of' the foUowil'!l; chapter. It is ('011('(,; ned with SI'tt.illP; the context
and j IlSti(yill~ thl' Htudy,

Tho expcrimeutablon

This section start» with IL discussion of tho LDV n.easuromont method [chap-
f,p), 3]. Thoreufter, the devoloprnont of the oxperhnental apparatu» is given, and
design and coustrurtion of both the phvslcul (flow rig) and control elements of
the SYHtNll iH Ill'('sPIlt.p;l [chapters ,1 all(l1i).

Tho prelhninnry oxporlmontation follows iu ('lmpt(,l'H G and 7. Ii inal experimou-
tution aud till' resulting data are then p;iV(,ll ill tho Iinnl two chapters [dulptel'H I)

and OJ. TIll' r('~uItH of tho Iinal chuptor of this part are interesting, and ](1adinp;
from this it ls nuturu! to H('('k n. mutli, matical cxplnnation for tlll'ir uppcamnco.
This It'ads to the nualysl«.

The analysis

1'11(1Hl'st dmpt('l' [chapter HI] of thh. part is concerned with addressing tho math-
c'lIll1t:ienl problem of tho uustondy flow. This is uPCCSHal'Y duo to till' lack of It

unified blll'li:; fol' analysing tIl(' problem of unstcndy fluid beluwlour. '1'11('next 2
dlltllt(,l'H [chapter« 11 1111<112] nro concerucd with tIll' development of th(' 11\1111('1'-

leal methodology 11('('(1('(1to solve tho derivod rolntion», 'I'he method is vorllled
by applyill[,; it, to various prototypul fluid dynamlcs problems in chnpt.(·l' 13, al-
lowlng comparisous to 1)(>drawn to ('xist.ing results. Piually, til(' solutlons to tho
main problems at hand art' prosouted ill !'impt.('t's 1,1, 15, 16 !llld 17.

1'11(1ovorridlng philosophy of approach ill this work was to verify as much Il.S
possiblo (,,,,(Il',\' tool used to umlorstuud tho problem. Because of the llHlllY un-
known fa('wl's In tIl(' r('H('I\I'('h, t,(lstilll'; of tho toolH Oil known problems WI\S taken
!IS b('in!~ v('ry hnportnut. Conhrnuu.ion of t:\t(1 (\('('1ll'1\('Yand applicahllity of 1:1H'
chosen llwt!IlHl" ullowcl conlkloure in tlul l' 'H"lts obtaluod when tlH's(' tools wore
nppliod to tho unknown probloin».

'1'h(1 synthesis

Tho two jll'(I('(I(liUA parts - experimentation and unalysi« " wero ('sH{,lltially par-
!tllt'l iuwstigatiolls 0(' tho HIUlI(I plu-nomoun. Th« firKt two chnptcrs of this part.
[chapter 18 awl lOJ 1'<"(,XIUUitH' tilt, oxpcrhnontnl (Int-It ill tho li{;ht. of illsight~
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(vi) Agreement of tho oxperinieut atiou \"it it t luorv it' important as a vorifi-
cation of the vernrIty of hoi h. Di~;)ill ;lit's would lndiratt- clrfici(".lC'i!'s in
either tho l11('aSIl\'('II1(,lIt:- or aualv-rs, t Im« prolllptinl!; Iurthor rps\'ar('h ill
search of 111('("\II1{,'. Sill('!' I lu-n- .\".1'(' two elemeuts to tit<' ntuucricnl study,
t horo W(l1'(' two ]loil,ts of (,Olill .11i-ou: IIII' ha~(' flow variatiou awl 111('or-
currenro of iustahilitv ill ('<1('11"yst('1ll. It was <i1'C'i(h'tlto (l(lt'ign tlU' hasi('
cxporimoututlon ill ord--r to allow extra lion of the two 'kinds' ,)f data, ill
order to allow ('as~' couip.ui-on.

(vii) III tho ('asp '11' a lack of substantial agr('('lll('llt between throry and ex-
porimcut, a lil."lr ('au!"(' IH'pd('(1 to lH' found. A lark of ngl'('PlllPllt would
iudicato oIIH'!' unknown mcchauisms to thoso r onsidorod ill tho analysis,
thus ludlcat ing t III' way forward for Iun.hor stl1dr.

(viii) In g(,ll('ral. it w:\s hoped that till' a('('('l('mtiug 1'l'Hlilts would be extensions
of the simplor inu-ulsivo pip(' flow ('asp, Various transitinual events worv
ideutiflorl in tlu';;(' tI()W~ hy hot h Moss (HlH5) aid da Silva (WOO). an.l
the O(,('Ut'l'l'tH'(I of similar pheuouiouu ill the Ilr(,l'lpmtillp; Ilow was to iw
invest iAIlI 1'(1.

(Ix) '1'1)(' wrili('!.tiou of tit, shape pnnunoter as It meun« of Illliqul'!Y quantl-
fyillg the \'(Ilueily profik- [du Silva (lU!)(})J nnd stahility behaviour ill t IH'
extended ('as(\ of 1l('('('Ic'l'aI iu!,!; Ilows waa to 1)(, illwstip;ntp" The 111'(' of
011\1'1' panunet. ('.g, dlsplnceinont thicknos«) for Ilow quuntlllcntlon WIlH
to 1)(' cousidereu.

1.3 Structure and philosophy

Tho g(lu!'rnliayout of thi;; tlll'si:; Icll uatnrallv into foul' pari s: 111(1D..ltr.!l.<llli:.t iOll,
the oxporimoutntion, tho llual,Ysis, and Ilnnllv til!' s,Vlltll(lsis. 'l'ho 1U'1'ltllg('ul(Int
and -P,('-ll('l'al ('0 ut<'l1t of Il)(:;pal't~ at'l' tliH('II:-~(I(l h(~;:;~miTITilill!~ tho 1'('n:-lOllHfor
tholr dWSPll nnnugcmeut. Thl'l'!'aft(lt'. spl'dJh- il1:-111<'Hof Iuterost ('OU('I'I'uillg the'
sl1'u(,(II1'1' an' eliscnssod.

1.3.1 Layout of the thesis

Both tho exporhnentutiou .uul utuuerica, st\t(lips sl1Ow(I<1 phenomena which, ill
isolatiou W(,1'(I Iairlv novel, niul tlu' ordoring of this t1H'sis 1'I'prc'~l'llts all optimum
\Vft~r of oxplninim; t 11(11';('O('('1U'l'l'Il('I':->, Broadly sl)('aldllr;. t hI' parts of this work
111'1' ilK follows:
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3.2.,1 Signal processing

Till' Hir~llal Iroiu t lu- photomultiplior, as shown ill lit\Ill'p 'i.~, lll'('d" ('xt('lIsiw
11l'OI'(':isillfl to (lxtral'l it fl'!'qll(,ll(,~' valu« PI'lllol'tioual to Iho velot-itv, AH if' I'tallliH
ill rlu- ligm'!' Ihis sil',HaI ('OU,;!sl:-; (If a low fn'(lllI'IH'Y p!'d(l;;tal ('olllhili('ll with u
hj~\h fl'l'l{lll'w'.\' HUP"rilllpos('(1 wave. Fi/\IIl'l' a"ll;ilOWS Ihl' Fouril'l' 1'()1I11)(1lH'1l1~:

of t IH' l'linllal fro III tIll' 1\11'IIIl'1'li~\ml"

signal
power

I
!<

hli)h'J1ilS9
filler

nller mnce

Figlll'l' ;j, 1: 'l'lu- l'ii'lual Irom till' <lIII'ItUlIIWII'I' plwtIllHuitipliC'l' shown In till' 1'1'('"
qlll'IlI'.\' domaln.

Two busil' uu-tluuls of 1>l'!.; .':;~ iug 11th :,w\ual II) attain the fl'('I)II('U('Y Ul'(' avnll-
ahh·: IllIW111l'illl\ IHIl~\(' SpadUI\ ill t III' I im« domutn Ill' jlllHitiull of II sil~lIal l)('ak
ill th,' I'I't"lllC'lll'Y domulu. 'I'ho allility hI PWI'(':;;; tIl(' LJ)V ~lir;llnlH ll:'<illl~Ih(, la!tt'l'
pl'iUl'illlt' ii'i 111'1'('(1111lnnuvatiuu ill till' Iield. Oulv units ha:-;('ci Oil t jl(l Ionuor prlu-
dIll!' W('l'P availahle', llIul m; it result only tIl!' !tll'Il11'!'lllPtho<! uf sigual Jlr()I'(,f'f4illl~
will lIP di~c'lIS!'iI'lllll'lo\\',

SilIlpl,\' put, till' i11hllUiuf', l,i1'.llal W,\uro :1,2)i:; :mhjl'l'Il'rl to .t high.pmos fill ('1"
whirl, I'C'IllO\,PS tilt' IH'lit'};t nl ('Olll)HlIlI'Ht from till' sil\lIl1l. N('XI a low }In,,~,Iilt('l' hi
applil'(l whlrh r"III!l"('~; uuv hil\h I'n'(llll'llI'~''lIIi};p Iron: til(' Higllal, 'l'his SC'(IIII'IIl'I'
of I'Wllts hi 1lt'IlIUIlH!l'ntc,d ill 1i/\IIl'C' :1,:;, A tlurshokl It'wl hi i\llllliC'11 to till'
l'p;..nltillll Hi1\1I1l1, awl tllp i't't'll'U'IH'Y ut which the' i'l11\1I111 I'!t('l'l'(\:; this 11'\'('1 Ibt' it
liP! Il'~llllll'l' of (',\'('11'" hi 1I"',j.;(l'I'I'(1. 'I'his fl'('qllpl1(,~' rnu thou hI' ('Ul1\'l'l,tl'll illto it

,'('Iud:v valu« tlHiug t'qlllltioll (:I,ll,

III till' ('111'1'1'111 1\\'1.( vm t lib 11l'IlC'Pli~\ViI'i ('ani('(1 out h~'it vouutor Slipplil'll wit II
thl' wlul'ilUC'I('l' equlpu.out, 'I'h« lUIC'l'aut! It'VI'l H('ttill'~" ('u\ll<l 1)(, atljllNtI'l! \'ilt

rliuls Ill. tltc' front )IilU!'!. uud Iht' 1'n'qll(,III'~' output W:I~i nvnlluhle via a clil\ital
t'OIlIlI'('(Ol' Oil tlu- lrnnt lill'l'.
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III linIN' to 1llI'<Il-tU'(I :,tnlllg ',ir',llal", from low power laSI'!' !)('illllS, t 11(' 1'('1 (Iivillg
opt ks ran 11(1pliH'I'(1 Oil till' Iar sit It, of t 11(1H:,w, aliglll'tl (on-axis) or lllisali'~lIl't1
(off-nxi») wit h I lit' Irnnsmit t illl~ npt it's. II is prt'll'l'Ilhlt, 10 hav« t lu' 1'('1('iving
unit slight lv l1lbalil;m't1 ft"lI11 ,Ill' Pl'iIlHu'y IH'atlls~ 10 i111'l'1'1l!'i'IhI' Hit~llalo!o-noiso
rat iu, 'I'hls al'1'alll.',l'ltlt'ltl is 1('l'IlU'tI a flll'u'lmi 81'1l//IT svstom,

Au alternntive to this h; tilt' hUl'k MIllin' !U'l'angt'IltI'III, wl11'1'I' tIl!' ll'I'l'iviuf,'; unit
is plm'('( I ou IIIl' salw' :-i,lt' of tIlt' JlIIW as thv transmit tilll'. rumponeut s. '1'111'
IIlIlS! ('OllllllOlllayonl Is fill' till' t'I'('('h'illl~ ('OIlIP"llI'llls In 1)(' iucorporutcd iut« lilt'
I runsinlt! itll~ op'irs. lIN'I'. I' :1.01'1('t llil\hl iN llilssl'll 1I.H'1. t hl'olir,lt t he trunsurit t illl~
1t°IlH. 1'l'ih'('!«'11 ofl' a mirror . t lu- tr;\IIs111ittl'll IWtllllH l'a';s Ihis minor (111 I'itl·;'t'
sill,,) awl {m'\l,-'I'll uuto IhI' pliouuuultiplier. 'I'hi« mothod n-qulrvs hi!\h('l' 1:11\d'
trunsmltn«l ilt'illllS Ior thl' sallll' Hil',nal }low('r a~i Ih(' forward },('atll'l' nu-thod.
hut 1'(,~111th ill all hll l'~\t'al an alll',l'lll!'lI! ,

A nmjor 11(1\,.1111011\1' of th(' 011 .l\i ...hal'l\·',('atfl'l' uuir h. thi~t the ,pjlt'('ll'(llil~ht fol-
lows 1I11l1'Iltil!' 1-1" lilt' ll)ltkai Iml h a;, t lu- iHt'it 1('111 lu-ums, Ihus (I},' it'all'l'fl'!U'tillll of
I hi' hl'ittllH t hrounh Ilukl-wnll illl"I'fat'(I,. i., 't'OIlIl'l'l1(',1 11111'tlmiUI\ tIll' 1'1"111'11Jlat It
of t 1)(' l'!'fra('I('(j li~\ht. awl I hll!' I lu- 1l'l'l'i\'illg unit "I'lllaillfl "ollsl aut lv f()('m;1'11

011 thv Illl'll:'lII'jll;~ YOh1l11!'. This is nut !\('IlI'l'all~'Ih(' I'I\~;('with a Iorwanl ~i('attl'l'
unit: lItoVPIII('nl or I hI' 11'UIlHllIittiul', uplic's usuullv l','SU!t;i ill IIIl' 1I1isalil',1I11111ltt
of t ho 1'('('l'i\'illl\ unit.

a.2.3 Seeding partlclos

'I'he gl'lll'l'atioll (If a 1)llpph'r Hil',IIUlll'(luit'l'~ that i~ sl'('(lillr.IIlI1'lil'i1' Jlil~~4through
t h(' 1I11'lI:mlil1~\ "(11111111'.SI'!'(1iu, .. Jlartidl'" ill I Ill' llow a1'1' clt 111'1'l'l'f'~;IIllt nut urallv
(diu.t), Ill' must l)(l Hlltll'tllo IIII' llukl, Tit!' IH'I'I'('(lllillitI'H fill' It !'l'I'lliut'; llltl'tid(1
Hl'(':

0) 'l'hev should h(' hinhlv 1'I'!l('('!i\'l', l'I'ft'lIt'till!\ 1lll'1'1l1'('!illg thl' illri(ll'llt light
htl'Ol!I',b',

(ii) Thl'Y should Inllnw I Ill' 111l(l('l'i,\'illr~ Hnitl lIloliOll1l a~ dm "I~' as i" )los!'iblt,.
'I'hus thov ,.llOnl(11Hl~:'(':'1' a -hullnr t1I'll:.it~·to Ill(' Ilukl.

(iii) ,[,hpi!' Hiz(' 11I'I'ti:; Itl Ill' (lll'lhait'll1 to Ihl' Il'ing,' IiPlU'ill~~ ill til!' Illl'tlsurillg
\'1)1111111', Filll',l'l'Hllll r! al (WHO) l'olllaitlH Hit ('l\I'(l1l1'ttIIIiIWII:,~itllllllllll\1'Iil'l(I

sil.iu/\.

III !lWI'Iit'I'. 01 lu-r 1'11'1'1'''', h\lrh a" toxkitv 111'1',1to IJ(I l'ow,idl'l'l'l1 ill til!' dmi('(' of
lllll't idl'!;, III IhI' rum-ut 'i~'},1!'Ill. whhh m,l',l wut (II' n:, I Ill' wtll'ldlll\ llnid, (I\'I'1l1~'
lili~!'(1 (O.:i /1111) "ilil'llll ('al'iliti,. plll'lidl':' !"a\'!' l')o.rdh'llt ~lil'.lllll JlI'Olll'l'tit'H.

)'1'111' prilililr~' 1"',1111', 111',',1111'. ulll thrlllll',h tlu- 10.11,1\ uf tho Ilow ,Iu 1It11 rurrv Ih,' v,' 'I,.'
illfllrtlliltiull, .11111 .!rl' u-uallv illl,.\\t·tl III ,lhpI'N° till II r,lf ,.urfm 1', TII"lf ill't'n;t'rtithl \\0 ht'
phlllulIIalt'l'llI'l will suuplv ,.\\,.11111' tht· !oi",IIi11 (',mit'tlll\' rt·rrnrtt·t! hf\ltt
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3,2 Aspects of tho LDV method

'I'h« aim\'(' dl':lniptioll IIf the prinripl« wlu-robv a duul bnuu LDV opornt (1/4 was
by jf" 11111111'(1hripf. awl lit!' lI~l'l' is 11'1'('1'1'('11 tu all~' of Ill(' I'XI'(llIsivp number of
1'1'1'\'1'1'1:('1' work« availabl« 1111 IIH' l'Iuhjl'('1 [1'.1', Durst (I III (!!IiO). Drain (Wii).
Buehluw« r! III (1!li!l) Fiu!"l'l'stlll rt III (l!lK!l)J. III till' SI'I,ti()Uh that follow below,
l'll('<"ifi' nspI·('ts of Ih(1 moasurerueut ill:,ll'1Illll'1I1 tuul jll'OI'('t1nl'<' nr« ('olisili('l'l'll.
(,slll'dall~' I !tOi'>(' pertinent to llH' «urront I'X}l(·l'h'lI'utiltioll . .A 1\IIIW1'al sl'lll'lIHlti<'
layo1l1 of a tvpirul dual beam iusmuuout is shuwn ill fi~\1ll'(' :I,a. illtl~ltmtill~ t 11('
vorious priuripul rotnponent i;,

Beam
Colllmntor

Fig1ll'(' a.:!: A fil'hplllntk l'I'IIlI'l\('ntatillll ora (\111111I('IUu, hild,uf't'iltt('l' U)V, show-
ill('; tIl<' Ilrilldllal ('olHIllllll'lltl'l [fmlll FilllWI'hUIl r! (ll (1!ll:{!J)j,

3.2.1 'l\'umlluittillg optlca

TIt(, flllll'tioll of Ihb Hllh'il"Hl'lIlhlr iH !'iilllpb' to }illlit it Imwl' houm into two ('quill
Htl'('lIglh ('tlIlllHllIl'lllH alit! 1111'11 In allow tln-m tn ('l'tl~~i.Beam Hplittinr, iK mntally
nl'ilj('V(I(\ \\fiillr~ !l prism al'l'illll\I'IlII'Ilt. iuul a pl'!'t'bioll r\rOIlU(\lt'Il!'l iflllfil'd to f()('1tll
tho \11"1111;1 lit It point. ()thl'l' ('(hIl11011('Ilf)" HIH'h a:, 111'1l1ll(,X1Hllltll'1'H, 1l(l1l1l'ir-illl~
HItI'l'H HIlII Hu' lik«, rnn I". hll'Ol'lllll'tlf('c1. 11II! 1\1'1'not ('%I'utial to 11Iltll'1'Htllll(lillg
IhI' haNk oporntion Ill' til!' tlYMtl'lll,

3.2.2 Rocolvlng optics

Smttl'l'l'(\linitl fl'lll11parlkh'M ill 1hI' lwam I'l'W'~iilll\ poiut Ill' 1lll'n:4l11'illg voluuu: hi
f()('ww(ilhl'Ollf'.h a ll'llfi al'l'alll~1'1l1l'1Il, Hlul'lllio tlil' appl'tlll',' of 1\ pllOt(H1c·(,{'('tol'.
whvu- t III' opt irul :.;il',lIi1lh ('011\'1'1'1('tI into au ('I(I('lrk fli",ual, Sill('I' lig} t hi 1;('1\1·
tl'll'c1l'illll\(llll)\' h~' Jlm'fiilll~ pill tid('1'. till' (lh'l'l'! iUII Iuun wllil'h thiN ligh iN nath-
PI'l'd «nu hI' dW111\"d ut will, TIt(, poinr lrum which t h« light hi gal her xl hns IL
Nt l'()lIf.1 I'lfl'('1 Oil 1hI' ~ill'l'lIi~1It 1)1' I Itt' IlH'a;'Ill'P(i },i,\Ual.
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Fil',lIl'll :3.1: Tho honm 1'l'm:HillJ', point in u 11ua1 11I'i\1ll r.DV Ky:,:tl'lll, lllustrnting
tIl(' UH'tHHIt'iug vohuuo and frilll\l'~i [from Filll\1'l',<:oll d til (W!'i[))].

whit-II Ill!' part ii'll' pa~,,('s thl'tllll\h (hI' hright fl:iuf\l'1' is llil'(,(·tl~· lll'u)lul'timmi III
IhI' V(I('tln' ('OInll'Jllt'llt of \'('l()dl~' )ll'l'pl'lHlkulal' lu thI' plau« of tl1l' fl'iIl~WH.If Iho
l'l'fm('tt'(1 si!\lml i" llU'aHIll'('(l \lhhll~ a p1toltltll'l ('('1or, then II waw putteru Iiko that
xhowu ill Jiglll'I' 3.2 will \lI' llll'aH\Il'(·(1. H('l'(' t11(1ft'('(lltl'll('Y (If the wavo paU(·t'll
ill this I'i!~ulll is !lil'PI,tl,\' Jll'OlHll'tiollallo wlol'ily, awl II'{gi\'t'll by nil' rolutlou

f,\
{Srll-(~~). (a.1)

signal
Volts

time

FiglH'l' :1.2: 'I'h« llj(lH~I\l'p(1 sigllill Iroiu It duul ln-am r,nv.
!IN'I' f j., tIll' fn'qlwll1'\' Ill' lIlt' "il',1I1l1 ill lip,lIn' :\,2 •• \ i~1i1(l WnWII'lI(\1 h 1If'tho ImiPl'
lil';ht. t,· is tIll' lusun hall:'i1I1I',h' {,iPI' til'.lll'!' :1.11 awl C' iH thr \'('1'101' ('OlllIHllH 111
of \'(Iltldt~· thl'lllll\h I hI' 1l1I'ah111'il!!\ \'01111111'. Pt'l'lII'Ullir111111' to till' plun« of IhI'
fl'iulII''',
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'1'1\1'r nv mothnd Oil Ill!' otlll'l' hand merolv illt(ll'IW!'IK two beams of laser light
"itll; tit!' Ilow of iut!'l'l'l',t, l'illllll~' 1'l'qllirhll:' opticnl il!'('('H~ittl thiH flow, tlmK
I,al!. t:Villl~ tIl!' t't·ql1il't'IlI!').1 of'lWIl·iutl'lll'i\'l'llI'SHI whor« tIll' hut-win' !ll'u!lt> faib.
TIlt' h-mporul HIlII spat.iul n-solutiou of Iht· LDV IU'l' c'qllivall'llt to tht' hut-win.
probo [,1'toitV,l'll (Hli:})j, although GllSt('l' (WHO) t'Xpr(llis!'tl doubts of its ahililY
to ro ....u\\'(O Iltll'luu1iollH Iw),·'\\' Ill!' ul'llpl' of IiX of tht' 11ll'lIU wlol'ity. 1<'111'1'11(11'to
this, it b. it rlHll!IIc' olv liuv»: IIt'Vil-!' awl is tlills liIlJlPl'i')l' ttl til(' hot-witt' sy:,I!'I1l
ill that it I'c'tluin'!i au mlihatioll, Tilt' hlsturk-al ti!'wiOlllllt'ut ami priucipl« of
oporntiou of tho 1.1)\ an' l.oth illtt'l'(,S!I11I~ nIHI ('h1t'itlatilll~ for uudorutunding its
I'tl't'llt~thK und lhuitutluu« awl art' hrif'fly ~~i\'t'llbelow,

3.1 Principles of'operation

TIlt' hIKt'l' Vl'lcH'il1l('lry method wa;: illiHally cit'\'('lUIl!'d hy Ctunuilus, Knable &-
t't'h {1!JU,l}, alltl fllHI bt,t'mut' pOJlular h('('lHl:';1' of' itN 'Wt'Ill'nt'Y und uun-iutrusive
nature. Tht' I'ilrly s~'st('llls \\'(01'(1 what i:4 known aK n1f'1t'1!c(' lwltm l'yst(llllK:
lll~ll' light waH Killit Into two unequal I'tl'(llll~th ht·ntUH. the moro IHlW('l'f'l.l (If
which waH dirt'I'It'(1 through t'l(' Ilow whll« the }l1'('lllHl w('akt'l' beam was <lin·(,tly
iut'i(it'llt Oil a photn-dotoetor. Ughl Irom tho primury hoam, l'l'ft'a('t('(l from small
11lll'tiei('H movlng with tIl!' How, was ulso iut'itit'llt (111 tho photu-clotrctor, 1\1111tho
111111111tlifl'!'l'('lH't' ill Iroqneucv tlno I n t h(1 Doppler <'11'('('1 wa» IlH'IlHIll'('t1I1N 0lltic'nl
'lH'atin~f at thc· cll'lt'('tm'. thl' fl't'qll('IH'Y or lh!' 1 (',It l)('illl'; dirt,(,tly 11l'UllOl'tinllll1
to wiot'ity.

TIlt' 1'I'fl'l't'lll't· h(ll~11I ;;('t'iljl wax lIuwil'ltly to lISI', mill thiK rosultod iu til(' dovol-
(lpnit'll! (If tIlt' tIulll 111'11111"YNtNll, lIN'(', It Niul'.it· laHt'l' HO\ll'('P ill Nplil: IIlt.O two
t'(llllli Nll't'llglh la:;(I1'h('mIlH. niul !lIp},!,Hl't' intt'l'liC't,tl'(1 ill tll(' Ilow !II t lit' point of
iutl'l't';.,t, At t1th; illt('l'S"t,tiull. frillgt'H Ill' :,tillHUllg wuvos lIl'(' S('t up, duo to tllp
!'Ollfl!·l'IH'ti\'(' and d('Ktrllt'l'i\'(' illlt'l'ft'l't'W'(' of 1ho ('011('1'(1111. iWl\IllH of light. 'l'hNw
hright alHl Ilarl. fl'illl\t'N lal;t' tIlt' flll'lll of plilllt'S t'cl'lal1~' sPllt't'ti thruughout tlH'
l!H;!'I' 1'1'0i,:-;hlf', point Ol' lllt'ilK11l'iul\ vohuuo. All IWlIgh Iht, dual bourn sot-up (lo(,H
not t'lllpluy. t' l)ullilit'l' pH'pd, tIlt' .1HI lilt' LJ)V (Ill' r,nA ~ tIlt' 'i\' fur uuomume-
11'1') h:Ul rouiuim-d. FiglU'I':1.1 illllHtrat!'N tIlt' lnuun t'l'oClsiug IIUel tho apllt'llt'lllU'('

of Ilw 1lIt'!ll'lII'jul\ vnltun«

TIll' Hpadll!\ of t hI' i'liU!"t'N ,i}I(lWU ill tilt' ligml' i~t1<'ll('l1t!t'llt uulv 1111till' homu
illtc'l'Mt't'tioll Hun],. .uul tht' wllwlt'll!\tlt of th('light, Slllnl1lml'tklt'~i in tho Ilow, ot'
tIlt' lih~pot' I ht' J'l'iU!\!' Hpadul\ til' sumller, will. liS 1htly pmi}! t hrough thiH UIt'tlNHl'illg
volume, l'!'('l'I\(" Ih\1I1 wluN' iUh'l1~ity \'i\\'ic'" Irou: hright to clad, HI't"H'(liug to lli(l

11l1l'1it-11' IH'illg ptl~itiOlH'll within It bl'il\hl ()I' c1i1l'l, frilw', ('It'i\l'ly tll(' mil' at
lIntl'[l'Htlng!v 1'I1I1I1I\h, il writ'. 11£ 1'1<IH'IHnc'l1l!i h~ ('tlll(ll't' I t III (1!lHri) 111\ hHil,lhiUtil'H ill

\IIl'jll'lul~' 'I\I~'IIlI'('lIlll'ttl' 1I1l\\'hhn\\'PI! thut tlu- intrusion IIf till' hu,('r 1';\II!iI't1IU(,lIl tnlllfiitioll
nrurbv. 'I'Iu: 1110"( I11'IIIoa1ll.' I'\plillliltioll fill' !hh Wi\!. thut , hC'I'llll!,1' thi« waH II rlw,c'cl !i\'II!1'm, II
lilll\ 111'IIl1iel \\,il!. unnhumllv hdnll l!I'il{(": hv 1'llI'ftl\' Itom till' IiP,I'I' ja til!' timc' \lC'fllTC' tmlH.itiulI
01'1'1111'1'(1. Ihwi IIllll1ifI'hw, Ihl'lIl1l1!t1ftlIH'lti(''i 11It'illl\' mul imlmtitlllltlC' tri\llliiltnll 11[11('1'"", III ,I
hll\h velnritv. 11111'11",'!ott'ltl (IHIH' Iluw}, lin n'!II'illl,t1IH'attnl\ IlCTIlIIi IIIHI tltc' ('III'lt I!. Ut'I\lif\ihlc',



Chapter 3

Laser Anemometry

TIll' primm'," Ilow lllt'a:O;I11'('IUl'lIl (!('vk(' 11:.;('(1:\1 tho I'Xlll'l'illJ"lItatioll was th«
Lnsor })oJlpII'1' \,piol'iu!I'11'1' or Ll)\'. :-;('1<'I,tl'd liW (If til!' lnuut« H( lvaut UtII'll
it hukl» lbl' til(l lH'('\I1'lIll' 11l('n~\ll'Pllll'Il1 of high!, ,1l'iabl(1 Ilow«. In ()nlt'l' to h(IHI
Hllllt'l':.;llllltl til!' illivilllta!\('H and limitatiouH of HlP 1,D\,. it il'i IH"('(';;SlU'Y to givt' It
hd('f t\I'HI'l'illtioll of ih pl'illdpll' of opomtkm, Sp(I('ilil' pointK 1'I'illtillg to Ihl' mit·
of thl' llll'thmil't'h'vlIllt to 1111' current htllIly art' a1}io (li'i('llss('(1.

Au itlt'al aualvtical Ilow lI\(IIlSIU'("lU('llt (1I'vic'(' iii OIH' that hns t 11(' f(Jll()\vil1!~ hrend
dml'a('tt'l'btit'H:

(l) It lllllKI ('aln,(' t hI' mluiunun possih!(' dlsrurbanro to 111(1flow hl'ill!~ mou-
H1II'('(!,

{iD 'I'ho sputlnl oxtont of till' nteusuromout IIt'vi('(1 llltlflt 1)(1 smnll t'llough KO

Ihnt it van lI"hulw IhI' smull ,,('alt' sputlnl «rrur+ur« of t h(1 Ilow,

(iii) Till' illl'l'ti1\ of (Ill' unlt IlIl\!'! 1)(1low t'llongh Ii!) !III\I till' (it'ViI'!' ,'lUI trnrk
1H'('Ul'ittl'ly !hl' touqiornl varlutlou of t1lt' Ilow, l.o, it Ul\\HI, llOStlf'HS a hif.\h
fl'('!J'\(,Il('~' 1'I'SIHlllHl',

(lv) '1'111'IIt·\,iI'l' shouhl HIlOW HI ability ill its 1'l'a<iillgH, HO iluu l't'}ll'ah·d rullhra-
tion hi 1101 lH'I'(lii~iU'~',

(v) 'rill' Higllal,(o'lloifil' ratio or till' (\pvkl' ;-;lwlIlIIIH' hil~h (I!lollgh sn that small
1'l'a1l' Iluetuution« l'l'hlliw til tho 1111"1111w}ol'ity ('ILU Ill' )'('!'m!\'('I!,

J)I'\'it'I'S rmuu.onlv usod iu tlro pasl. H1Wh lUi 11l1' pito! tube, do nut NatiK1Y all till'
}loiut" li;;tl'cllIbow, For iWltllll('P SI)1'II a ti{\\,lI'l' iH h,\' ilH 1l1l!1U't' Intruslvo. Till'

N!'llllitiw IUI'II!'\U'{'llIPutH l'I'qnil'(,ll 1'01' trunslriouul 1l00Wi IULVI' usually ll('('\'HHitILtl'l\
tilt' \HiI' or Ihl' hut-win- 1IIl1'llll11UI'(l'l'. 'I'lliti (11'\'it'1' hilI' hil!!l t('1Il1HlralluHl HjliLHal
1'1'~;oll1tlou nllll,wud }li!\ualntIHllliKt' !'alio. but bi Ills!) 11I11'1lsl\'(, alll\ t'l'qllh'(,!4 rom-
plka!!',\ culllnntluu PI'(lt'('(\lIl'I'.i hp('an,,(' of till' Sll'Olll\ uou-liuearltv of its output
l1igllal.
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Preamble

This part of t Ill' 111I'~j:.;Ill'l's('lIt~ tlu- rxporlmentul iuvestigatiun iutu till' IwuN'al
hehavlour (If strouulv W'('pl<'l'atiug Ilows. 'flu' initial dHll>t('l'~1d(,~(,l'ilH'both till'
t11'vi,IOI>llH'lltof IIj(lll(1('(','..;a1'~' lnfrustrueuuo, uud tit(' discusslou of til(' motlnnl of
measureurout .. III parI k-nlar, Ihl'~,r'runront 1',It I' t'xt('IIHiwly Oil hot 11 thI' phvslcnl
hlst-rig (l('wlopUlI'lll. utul till' urqnisif.iou awl eontrol softwaro S~·SII·lll.TIll' 1>1'('-
lhnhuuv !('stillg hi then (l(,s('l'ihl'(l.ll'a.till~~ to SOUl!'iultiul rosults. By I'uu:;id('l'hl~
'11('1'1(' prrllnunnrv datu, thp li(1vl'luPllH'llt (If t.ln- data acquisition and lll'l)('('ssiug
1Il1'1ho. i()I()I',~' is shown. 'I'h« lll('a"IIl'('t1l'!'Sl1lt~;an' Jll'(lsl'llt<'(1 ill thI' final dlaptN's
of Ihi:. part.



Part II

EXPERIMENTATION
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Bouthlor (1!J72) I';aw 1111 asvinptotic 111('(110<1. applieubl« only ill the limit of wry
low arroleratiou»,

MOSH (lO!n) 1>1'I's!'lllPd all iutogrnl met hod fill' t ho SI1Ul,\" of the variation of lam-
inar flow ill pip!' How far from t 11(' inlet, III' doflnod an (l('('plpration paramotor
n ;c, h [Iff which I\t'Ol'i' nat urallv from Iris <lllalysir. and was ideuticnl to t.1H'stn-
hility IHU'alUP(P)' of Shon (lU(il), III' c1is('(J\'Pl'!·t! tIm! fol' incn lSillt~ a('('(llPl'ati()ll
pununotor Ill' ilp tonn«l it. Ill!' volocity prolile» did Hot upproueh tlu purabollc
limit hut rotuiued it lOWN' contreline \'('lo('it~· and higher wall shenr stress, Th«
l'1'\ldl' nature of his lutogrnl approach, combinod with \lSI' of the boundarv luyor
thlckncss b as It panuuotvi, did however introduc« un orror into his results, INti]·
inp; him to notir« It diseuutlnuitv at th!' I\(','pll'l'at.i()u whore llip houndary layor
llll'rp;('(l. Novorthvl« is this import ant pnpor iutl'O(\IU'PS "Ollll' clear in.licators of
t he export «l t rends iI• .H'I'<'il'l'at iug luminnr Ilows,

gxp('rilll(llltall~'. "au <11' Smull' r! III (WHO) measured vt'Jol'ity }ll'ofi1('sand point ••
of trnnsltiou in u pijll' lIow driven h;v II coust ant I>rt'H~IU'('!~radi<·llt. Altlwl1p;h
not It highly 1l1lS((lI\(I~' flow, it ll('wl'th!'il':-;H Htl'ktly bolongs ill (hill ('!ttl'got'Y of
11tlWH. rathor than thosl' of s(,(,tioll ~t,1.1'1'11(':;('1'(,~1l1tH showed nn im'l'('1U1P of tilt'
(nUts lion H{'yuolds .nuubor wit It !l('('('h,l'lttioll,

L(IC(lhVl'(1 & Whito (J!J1'i!), l!J!Jl) prosoutod oxperimentx Oil constant urceloration
lli}ll' flow. und notnl globnl trnusltiou ovorvwhcro ill tholr pipo, similar to till'
initial trnusition of Moss (1!)Hii), TIHly noted It nmnotnnlr illl'l'('ltSP of' tho criti<'ni
Hoynold« uumbo» with nrrolorariou. Th('y only took mensuremeut« at n. Hingh'
far-dowustroum poi tlou of t h(' plp«, and nnly presontod titHing rorrolatiou» Ior
their data. Thdl' IU'('!'it'l'lltil)llK \\'(11'(' SlIhstlllltini, and their hig!l<'st ohsorvod
tmnsltinu Rovnokls number waH 1.1 x lOG TIH'Y achlevod good eorrolatiou 1)('-
(\\'('('11 til(' rosult« from tholr two HPIIl of ((,HIH,onch conducted using It diff<'l'(,!lt
dlmuotor t('st· sl·('tioll, ilu!il'atillp; It lurk of rig-iud<'l)('u(h'Il('(I of their data.
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wor« identical ill structure. <In Silva noticed an ineroase ill his measured eritkal
Reynolds number with ll('('<'i('l'IltiOll. II(' was not interested ill generally accol-
(It'at-iup; flows, and the !)('('1Il'l'('ll('l' of nrcolerntlcn WIlB incklentnl, caused by the
poor l'(':.\lOlIHP of his rig at til!' higiH'l' flow rates. Ill' dkl try to explain tho ('{ft'ct
of th!' atT"h'mt.ioll, hut tl1(' spnl'lw uaturo of his (lata in this limit allowod for no
more t hall hYJl()!IH'sisiu~.

Moss uud da Silvn (Um:n gilV!' ,1 Sl1111111iU'~' of til!' l'PgiOllH of 1ilability and iustn-
hility wit hin an hupuls' •pl· . urtod pip!', TIH'Y showed that for early times th<,
(llltit,,' pipe waH momentarily uustuhl«, while ill the I'\t<'utiy-:.tat(' limit only tilt'
region UNU' tho inlet remained liuenrlv uustablo.

2.4.2 Non-periodic unsteady flows

III t hoso Ilows, t lIP 111<'<111 Ilow 1'<11(' of th" system dUIUgP>: ill an unhouudod
manner. tIntH t hp,,;p !'iY:ilt'llls could he t1('~I('l'ill('<1 us RI'/mold., number lIal'!ling
flOWH,

TIll' lllost profoulld study to <intp fol' such flOWH WIIH l)()HHihly thnt hy Shell (l!)(il),
IIt' prosoutod n tIH'ol'ptic'lll doscriptlou of tIlt' nfl'('t't of temporal uceoleratiou Oil
an t1wi,Qci(l Ilukl with solf-similar veloclty prolllos, of t1ln form U ,",l'(t/to)U(II),
H(' reasoned that !\ good description of the flow :-ltahility would ho given by
dollning the' concept of 7II01TlC'ntU1',IJ sfa./Jililll' For instunc« an accoloruthu; flow
with p;r()willg (list1ll'i>uw'p:; is momoutarlly stablo if eho ruto of Increase of the
haso How is gl'('atpr than that of til(' disturbanco, He quantiliod this C'Oll('('Pt.

hy uHing tho ratio of tltC' kinotl« (lll(ll'P'Y of tho disturbaneo to t.lml~ of Ow has('
flow; thus lJ10111Plltn1'Y inHtability occurred Wl1(l11 til(' kinetic ('ll(,l'gy growth of
dlsturbnnco t'1'('p('<1('(1that of tho htu·a' Ilow.

For appllcablo flows, Shon found that fh(' criteriou for im;tahiJily WIlS not whothor
til(' hungilUu'y componon; of lh(' disturbuuc« (,,,J"rity WIlS p;l'(lai:(ll'than zero, but
rather thitt it (lx('(I('d(I(1 ill valuo tilt' tonu

(2.1)

whore Fill is till' menu \'('lodl~" Thus ill ll,('lll'l'ltl 11<,thoorlsed thntIlows undorgo-
ill['; ,ll'('l'i('l'atioll would hnvo higlH'l' critivul Roynolds numbers tluui st.l'acly ones,
!H'l'Il\ISP of tiH' '~;hrillldllg' or I lip neutral stuhillty curve duo to tho ehallg<' of tho
Htahility d!'liuitioll as <ips('rihl'(l ubovo,

Courorl & Cruulnalo (H)(ji)a,h) lIH('(1 nil PIIPl'g~' uiothod til uudorstund the HI>
hilily hohnvlour of 1~(lIl(,1'illly 1lIlHt('a<ly Iluws, However thl'Y only glWc' sulllclont
condltious nnrl hOIlWIH on \lal'all1!'I('l'H K1le1\ aH t 1\(' Revnokla numhor. Uufom
nal ply, this uppruarh cun 1(1<1(1to IhI' ('1'\1huutiou of wry wide hounds of Hillit·
<'it'IU'Y, \l('{'llllS(' of t h(l lmuul nntur« of t II<' ('ll(ll'A~' mot horl.
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2.4 Unsteady transition

A p;oml dcsrriptlon of til!' coinprrhonsion of IU'('l'h'I'ating Howl' is p;iVl'll h~' I'l';tziu
[.; Reld (IU!{l), Thev make the stntomont that '" lit this stllgl' 8tLlisjlll'i01'lI
1IIdlwcls of jilldl1l!l ilu: 811lbtWy chunuu-ristir» of !II'tlf'1'lll lLlI,~/('(ldll basil' jlOll'S

IIILII(' ,~liIl to be 10ulIti, Sinr« H)~l lit t II' has 1)('('11 added to t \1(' uudvrst anding
of this topic, (.'()Jl~i<l('ratiou ln-low is given sl)('dlieall~' to uon-oseillatory flows:
systems with p!'riodkitr haw unique mntlu-matieal properties, and analyst's of
such syst(,lllS tal", advanllW' of rhoh sp(·dal SYlUl1lPtl'Y, ~rllf()l't\Uu\t!'ly, those
mothods of IIllltlysis aro uot uppliruhl« te' more 1~('n<'l'Itl\\llstC'lttly systoiu«,

2.4.1 Flows with steady flowrates

FloWH ill this ml('gory luwo tlnstt'luly How lipids, hut aro sH'mly ill tilt' moan,
Thi« 1lIC'iU1St hat t 11<'(Iriving or bouudnrv cunditlons roinaiu ('OllHI ant, n lUI tho
tlllsl{'ll(lilH'HH is IlHsot'iat('(1 with nil' development of the lntorual velocity Iivld,

'I'll!' itlllmlHiwly sturtrd pip(' Ilow«of Mnruyama Kuto ,~cMlzushlun (W77). MOHS
llDH5) ant! till Silva (1!)!l()) wore of this ('atfllVIl'Y, III all ('mil'S flow was started
c"OIll 1'<':-;1 to It dWSPH Roynolds numhot, and tho uustoadluoss was ussocintod
dtlt th!' dovelupmout of till' boundary laver ill time, while tho moun flow rate
n-nmincd constant. Maruvnmn ct ,11 lISl'<1 it hi~hl~' disturbed inlet, 1\11<1 moni-
turcd wall sh('IU' str!':;:; awl volocltv prolil« shupo shuultnnoously. Moss (1!l81'),
ill It prodoutinnutly oxperhuontnl study. used oulv It single' wall mounted probe
to mouaur« tho wnll SIl('lll' HI"l'(,:-IS at a polnt ;W\·'(,l'ltl hU11dl'('(1 dhull('tl'l'H down It
smooth pipo with distnrb«! Inlet couditious. II(' monsurod tWI) distinct. tran-
sitionnl events. At oarlv I imes t 11(' llow iW('1l11l(' t urhulcut, this l)(,jug 1)(ISHihly
nserihahl« to local instahility of Iltp developing prolilo, Aft<'l' a roversion to lam-
inar flow. auothor turbulent truusitlou o('/'nrt'('cl, duo to couvoctlou of disturbed
Ilow Iroui thl' inlet. TIH' s(,\'('l'r limitutious of thoso rosults (It singlo moasur-
il1~~st·at ion) wn» nnlor: unn t (' and did not lI110w any cnleulnt hill of for ill'll HU('('

t he 1'1\1(' or dil'p(, I lou ol ruovomont of t 11<'lil':'t trnusitlour Wilt. MOSH also ill-
trorlueed It couvouiont Illtl'l\lIl('t(ll' to qllautify tlI(' houudlll) !IWpl' <' tho volncltv
prolilo slm!>(' pnnunotor - which was Him!>ly it dimonslonless wall shenr Stl'l'HH,

da Silva (lU!lO) oxporimeut«l with illlJlulsiwly srartod flows, hut ItI' utilisod n
smooth inlet und II shorter a"jH'('!-m! in pipp t hall Moss, Ill' did not S('(' 1It!' curly
pV<'11t. ll()ssihl~' hl'('i\tI~1' of th(l 1'(,(11\('1'(1leugth of his pipo, nne! tho H('('OlHl event
of MosH was nhsout hl'('i\\\i'il' (If till' lack of inlet (liHttU'hall('p, Up did however
oi>spl'V(' tho o('('n1'l'P}H'p 0(' u (Putl'Pliup 'spikp' within th(' dovoloplug plpo flow,
whirh evolved into It turhulou; t-ilng IIH it travrrsorl (\OWuHt.l'('IUn, Stl'ltlll.\(·ly II!'
rlhl uol S('(I 1\1l~' initiul houud.nv IllyN' dis! mhall('/\s ()(I('01'(' Ih« devclopmeut of
Ihis ('PUtt'pliIH' spik«. TIH' shallI' P!ll'atlll't(ll of l\lo!'(s (l!)~lj) was usod to (l\l1luti(\'
hoi h prolik« ill t hI' pip!' iulet , awl Ihos(' !'xistiug 1111'dowustroum whore t 11<'flow
wus still purallol. but Ill' (')'J'(llH'Ot\S:,' eonrhulorl I hal IIH' two ty!H'S of P1'OIilI'H
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Pipe outrnnce flows

Pip!' l!UWH 111"1' liPIlHitiw to cll'stllhilhmtioll hy lullnitosir.tul disturhunco« 11('111' the'
lulot only. alit! Iluit o-tunplitud« I'lfl'ctH an' 1'1 -ulrod to induce instnhility (,}:;I'-

\\'11<'l'(' [Ahhut tV l\lo:;:; (I!I!),IJ]. ::"IallY studies • nvo hoc.t carried nut to deter-
miue t h(' st ubilitv hchnviour of tIl!' pip« ent rauco t (J hot 11axlsyuunetric nr.: I
uon-nxisyuuuotrie small disturlumcos [Tntsumi (1!J52), Il·.nllg 6: Chon (lDi:J.
Wi·1). (:arl~ (I!lSl). C:npta k (iarA (lDHl). du Silva (lDDO). da Silva & Moss
(ID!H). Abbot & Mo;-;s (HJUl)l. uiul nentrul stability curves for tho inlet W('I','
preseutod ill most ('IUWS, Th('I'(' hils boon uutil rocontl- 110 substuutial quanti-
tntivo flAl'('('llH'ut hotwocn nuthor», 'I'll!' «nrllor works ['1IttSUltl1, Huang & Chou]
W(,1'1' basod ou npproxhnnto pitH' ('ut1',\1)('1' hllsl' flow modol«, which wore known to
1)(' iuarrunuo. (larg (llIHl) 1l~1',1au ;U'('l1l',\t(' baso-Ilow upproxi.natlon, hilt t ho
later aut! 1l1'I'al'!'llt lv won' arrurut (' cnlculnt iOllH hy da Silva 1<1.\ Silva (l!)UO) ,
<In Silva .l.. ~I()~~ (IIlIJjll disagl'('('d substantially with his (lata. Ilewovcr thl'
l'l'sI111;; of AI,llOt .: :\Ioss (UHlll. obt ainod IL'iillg 11 spertrnl nppronrh for Loth
t 11(' bnso-llow nurl stubilitv allalysis (da Silva u:;,,<1 a fillitl'-(liff('1'('IlC'C' tcclmiqu«),
showed almost 1)('1'f(·(,t ulimuucnt wit 11 t IH' (Iat n of Gal'g. This filldly d('an ,I
\11> thl' ('outl'ovpl'sy surroundiug thl' mnttor, viu<1kat.illp; tho Gal'r~ rosutts, IUlIl
showiug (In Silva's Illli\I~'l'iK 10 hI' IlIlW('(1.

Tho only oxporimoutul study to dat« is thnt hv SarJllmyn (1!Ji5). who .,tu(liNI
tho ('ll!'r! of both uxisymmetrk' uud uou-axisvnunotrir small disturbances. The
t hoorottcnl and oxporhuonttd results converge towards tho inlet, hut the ;.g1'('r-
.'1(,111 wanes downstrcmu, with tho two dnrn showing dilferont trends In thili
limit Isr( (In Sllvu ,0.:.: MO:;H (I!JD,1ll, III tho light of thrHt' results it S('('llls that till'

doscrlptlou of pilH' flow stability is Iaddllg, Tho dilf('l'rll{'{'H lI1'l' not accounted
lor by uou-pnmllcl I'flh,ts [Ahbut & !\Ioss (1!)0.1); also Sl'r tho oarlior discussion
of section ~.3.11, whlrh ill fact diiuiuish rapid!.\' away Iroiu tho lnlot, Tho only
vinblo culprit is lillil<"alllplit 11<1('('{f,,!'tH. hili coucluslous cannot he' based on a
~illgll' Sl't of 1'~IH'l'inH'llts and far 11101'1'oxporhuoutnl work lll'('(is 10 11('undertaken
to rvsolvo the' dilonnu«.

Whil« lIO work : .IIS lu-ou (1011(' OU till' Iiult e-mnpll! n<lt' rpS})(llISt' of pipe' iulct
How, th('l'(, huvo lW.'1l II 11umh I' I' of stll(1i('S of hrA(' SCIt!.' HtllH'tlll'('~ within pip('
How. TIlt' IIPP('<1l'1l,l!'(' 1111(1~\l'owth of )lllll':; IIIH! Hhll~s whhil' tltr pip!' havo I)('(,u
ill"('stil~llt('<1 ill HOllll' dr-tuil [Lhulgl'l'll (l!)(i!Jl. WYfl,llausld &- Clnunpngu« (l!)i:J).
W.\'{!.llauski dill (J!Ji:i). Rubin d III (lUiO), Tf'itp,('ll (l!Ji!J)j whlle rolatod stud-
iI's IW~'gullllsld c! Ii (Hli!)l. UII'/!'l' ct III (H)1'I!J). Kllt~ d al (l!l!)O)J {'xist for
AI'upra! bouudnrv I.I~'(,I':-I, rhl'HI' pit('llOllH'lla ill pip!' 1I0w Ill'!' possihly ussovintod
with hy-pllss mvrhauism» [Morkoviu k Hl'sitotko (W ....H))]. '1'IH'sl' ovents are asso-
cia! (·d wit It rlowustre.un l't'giolls of t h(' pipl', t ho ellllV!'t't ion of t hI' luitinllv small
disturbauco« lrom t hI' inlr-t ('iI t nb'Hing t hotr devolopmour,



Fil',lll'I' 1.1: '1'111' 1('41 itll', fat'ilily,

·1.1.1 The flow rig

'I'lu- phv-kul r()111jlOlll'lIts IIst'lll 0 ('0111 nin uurl I h('lll\l'lH'ratt' t 1\(' ('xpmH'lltial illH 1
other HowH ill thv h.\':.;t('1Il Wt'l'I' gl'OIl1't'<i IInd('I' II\(' I'alt'gory of th« rig, Bnsit'ally
11H' lIow I'ig l'ollsislt't1 of 1\ PI'I'J'slll'j;;(,11 hl'illil'l' 1.1'11\, 111l1('aslU'iug :,('('IiOll (a 1(111),;
I\IH~S pip!'), nurl it t\()\\'Il',II'I,.l}UIiI!lI'ill\t' t.uik. Till' H,\'1'11'1lI was opthnum lill' til('
('lll'l'('1l1 1\('('I'h'l'lllil1~\ llnw» ill Ihat ilH olH'l'ali(11l WHH nut runtlnuous, hill l'alllN'
of It 'blow-down' 111\1111'('. III onlvr 101',('11('1'1111' a Ilow Iht' upstrcum tuuk had fit'st
10 h« dH\l'l~t'(1 with llukl, Aft!,l' II suilah}t· l,tillillP; pl'riml a h'st ('()uldlH' run h~'
nllowilll', WIIII'I' 10 llow Iroin lilt, \ll'I'~'SII"(' tnnk intn til(' ('lltrhllll'llt tuuk. ('01111'01

of IIII' Uowml(' Ilul'iuf\ (t'sliul', WllS h~'UII'iUl" of valVe'S 011 III!' (lisdlnl'l\(' (,1l(1 of
I hI' IIH'a:,1II'iuf'. S('('! iou, Flow iut tI !he' I (')'il ~,I,(·tion \VIIS I,('pt 1111<1;:.( 111'1)('(1hy u
carefullv lailOl't'<i illll'l ('UIlII'III'tioll, A pump was 111\('(1to 1'1'l'!wrgl' tIll' IHWil'l'
tali!,. 'I'lu- rh; )'illh ~.~·,.tl'llI ie. illtlkatt'ti ill 1i!\1Il'11 ,I.:!

,1.1.2 Voloclw measurement ('OIUIWll<'l1tS

Till' rill. WUS "pl'dli<'ally Ih"'"'il\lll'll Ior 11til' wil II it 1.D\'. '1'h(,I'(' wan a II' ll~(' two
clmunol 'l'SI unl: nvuiluhlo al I hI' lInh'I'l',.iI v, 1·l\paLlt· of }iilllllitlllll'OllHl.v ucqulr-
iug two Ol'llIol',lIlIal wlndl\' l'ollll'Olll'l1h within a How. 'I'uv LI>V 1111'11101\wus
diH('lI~"i('(i ill t\t'l ail ill ('hilpt 1'1' :t

,\ -trmu; ad\,.lllt 011',<'of IhI' I.J)\' lIlt't hod h. it;; hil\h ~pal inl n-solut 1011; IhI' rlhuou-
-Ioi, Ill' IIII' 1llI'il"III'ill!'. \'"I1I11It· ill IhI' ('II1TI'III :-',\'''11'111wm. of till' order of O.! unu
h~'(Ui uuu. III onll'!' 10 tHr.it iuu Ihho II lI'm,lll'i Ill', vohuu« ill !111'How. 1\ 1l'i\\·t'I'Hill1\



Chapter 4

Experimental system

TIll' n'(lllirl'lll('lll of Ilcxiblo dVWHUk «mtrul of flow ill a piIH' required the (h'"igll
uud uinuufucnnv of it ~p!'dali:-:('(l I('}iting fi\dlit~·. t'(lIllIIl'iHill~; It !Illig :,(might pipI'
(tho ~i~·~t(l)nto Ill' Illt'tlHIIl'I·Il). l'(·til'nlatiou :,YHtl'Uland eout -ol valve», All hill',
gmtl·<l (,Olllput(ll' at'(jnh.ilioll HIHI ('OllITOl H,VHtNU waR ll('I'(\~Hit.at.(I(1 by Ihl' highly
<b'UlllUk llatlll'(1 of till' I'Xjll'l'ilul'lIt}i to 1)('rouductod. '!'ll<' llpparatuN Will' Hjlt'df~
ieullv (h'Si!\l1l'll for mil' wit It a LOY xvstvm.

'I'his dmI.tPl' Ill's('rilH's I Ill' appaI'.11 II~ mul ill' ('()IH<titlJ('IlI. purts, with HIwdfh-
(llUl>hn<.lbOil tho Iksigll }lhil()mllh~' that dietatod rholr st~'\\('tl1l'(\, A detail('(l
oxplanution of lIlt' HI'ljllisitioll aile! eoutrol Hoftwal'l'. writtou spt'('ill<'alJ;v fClI' tho
('Ul'l'('llt !I11l'!l()!'i(' is ni\'l'u ill I1H' l'oU()willg ('hallIN' • ('ilallt:'l' 5,

4.1 System overview

TIl(' 111'(1111II 1\I'lI('rall' hi,\hl~' l'I'JlI'ilt ailll' 1':QIOII(I11tiallll'('(llI'I'atillIlH meant IbM IIU
1II111Hllai uiul highly Ilexlhlv oxporimoutul !lllllaratllH 111\(1to Ill' (it'vhi('(1. Wh('l'l'lIH

lI(,lIt'l'at.ioll of u }itl'llll~' llow l'l'lluit'('S it pa:-;}>i\'(' 11'111rig. with ~H'ttillI\K 10 valvos,
(lIt', lH'itw. uuul« 0)1('(' uml Ihen II'I't almu-, 1\!'III'l'atioll of It Htl'Oltl'.l~· \'Ilriahh'
Ilow l'('!)l1il'('!1 constuut dvuumlr control of Ih(' 11'~ltrig I\:-;ill~~fl'(,lllmd, iuerhu-
nlsm«, 1)\11' 10 I hh. l'I"!1til'I'Illt'llt of Ilvuuuusm. I ho I'XIH'l'illll'lIt III Ilnw apparut 111'1,
datu lll'qni;iitillll ',YH\t'1I1 awl ruutrol {'OIllIHIIH'utH hnd to 1)(1lir;htly illll'grat('(1.
Flgm'(' ,1.1 !<1hOWHall 0\'l'1'II1I view oj IhI' tl'stiug allJlllratlls,

Till' I'lIli1't· I'xjll'rillll'lllill :i~'Htl'lll ('oll:,j"t(',l or Ilm'I' iuujor l'lt'l1lI'IlIN: till' jlh~'sklll
llnw !'in iI:'l'll, IIII' IIH'a;illl'llI~~I'quj'ltlll'lIl, illIII thl' <latn uequisitiou und Ilow run-
irol HYNII'lll, 'I'lu-s« tlm'(' 1'1l1ll1Hl)ll'llb; ill'!, lllusnnt«l :whl'lIl1ltk"lIy ill figtn'l' ,1.2
lu-low. U('ul'm1 hri(.f t\!'H('rilltiO)lH fir tl\l'~a' til!'!'!' :;lIh'H~'HI('Ill~1an' giVl'll )11'1'(' ill
orlh'l' !()HllJlplv it hnuul undorst <lwitul', of t he h;u,it' smu-t lUI' uud w(ll'khll\ or
t hI' llPlHIl'alll:i, III I lu- mnjor ,,,"('Iiun: Ihal Inlluw t hb overview, It IIWl'l' til'l nill'c1
IIt's(')'iplioll of I Ill' ("lllr{tilll!'llt pm'lh and opr-nuiuu of eueh nllh.I'Ws1('1ll iIi l;i\'('II,



an

\'l'lo('ity (If this portion of t hI' Ilow) but 111('iuvest i~1'rlou was not ('()IU'('l'lIl'<i wit II
t 111'11111('111flow,

Till' allow 1Il('lIliollpd clata "lI1oolhhl~'1 P1'O('I'I';-;was ill 1111'('111'1'1'111routoxt almost
uutumurk', awl Wit' ill fa!'t nppllerl nniformly 10 all \'plodty II'j\('I'S. with tho
('xI'l'pliou of th()~( 1110(11110('stilllatp (listlll'lJall(,(' illtl'llsity. III a S('IISI' tllC' output
Irnm this smuot hhu; trvliniqu« was 11'1'011(III as t IH' mfll data for t)U' reuinindor
of this work, FOI this n-ason IIll' allO\'(' In'o('psS was 1'l'fl'1'I'(,I) to II!-l (lata 1"'1"
pm('c'ssing.

3.5 Summary

Tltl'LDV 1111'1111111Will' IiIWWll 10 1)('hiJ~ltb urlvuutugeou« for the' nou-invasiw and
al'c'lIt'alt· IlIrHslU'('1lll'ul of llow variation. Tho hasi!' prilldllic'!-l of o peration of tIll'
iuothod \\'('1'1' untliurd, a~' \\'1'1'1' its limitutious. Th« SIH'l'iliI' natuto of llil' datu
Ill'()('('l'l'ill!~ 111'1" .I'll for 1l11~tl'i\(ly Howl' was Pl'P',c'llh'd, 1111(1S()1l1'('I'~' of (11'1'01' \\'1'1'1'

highli!~hlt·<i. The Inllowinr; rltal)t ('1' il' I'Clll('('l'lH't1 with till' Iunctiouul <i('1wriptioll
of till' outlr« Il'l>tillll upparntus, and :~Ill'tai}P(l doscriptlou iH gi\'('Il (If till' artnnl
LDV thai WIIH used.



IHll'a1l1l'lt'l'S I hal ('OIlI'Pl'lll'd t lib I orhulquv: til:· t iUII' wiudow. 1111'I illl(' iU('l'('Illl'llt

hy which rhut window was sl "PIll'll. awl til(' munhor of stundanl devint hlll~lfill'
t Ill' n~il'('t ion nil «rlun. .\ vonuunud-lin« utilitv (S~!o()TIl,EXE) m: \\'1'11 m; all
iUIl'l'lI(,tiw ~dll'lllp (LI)\'PHO(',EXEl was written 10 IIlO('I'}<:-; thl' U)\' data,
III Ih('sP lllW',l'illllS 11H' thl'l'p lliU'i1I1Wll'l'h 1'(1111<1 Ill' ,.pI uiul till' lh\ta w.e. IIII'll
1>I'O('l'S;'(,11uutuuiaticallv n;.; follows:

(l) 'I'ln: wludnw WilS IlIOV(·t1I1!1til it l'lllltaitlt'lllhp :-.Inl'tillg portleu uf till' (lata,

(ii) TIll' tvurporul hius mit 1\: I; 1\111n:-it1(');('l'ill(l(1 ('lIrlil'!' wml IIJ1lIIiI't\ !o the (lata:
datu outsirle 1111'i\('i'Ppt.IIl('(· 1'<1111',('wm; I'I·j(,I'tl'l!. awl a ml',m value wm.
('altonlill('11. 'I'his datil valn« WWi phu'I',1 a! lit(' ('l'l1tl'(' uf 11.1' lillll' whulow,

(iii) Till' window wa~ 1l111\'('(1 bv all Iucrnuvut d.t lin'will'l( ill tim«, Thi:. inrre-
1111'111was iu(h'IIl'uIll'llt oi' tlH' window :;jzI': tIm; !I\'l'l'lappillg Ill' l,tal'.!'.I'n'll
window ('lllIli!\1ll'aljoll:i r-onkl lu- ".(·lll'l'atl'll. SII'p (Ii) wa~, thou l'1')I('at('(t,

'l'ho 1'1'}<1I1till~\IlltH'('Hli('tl Itata wax alillnl'd ut titlWfl i »: ~t awl ('OllHiHl'l'tl Ill'a I;('rh'~i
of meun puints, Whil« thll Ihu« itll'l'l'lIl1'lIl (l"lilU'll t hi' 'ljalllJllill~\ raIl" of I111'dutu,
il was I lip thuo wiiu low t hut nll'('('1 (Ill 11H' ft'I'lll1('ll(,~' ('nlooll' of t hI' HI'1U'IlU', Tim",
unliko trudltiuuul !4a1l111lill~~.WIIl'I'I' t IH' r;iUUplill!~ mh' (\I'I('l'lllilll'" IlH' muxlunun
fn'(ltH'w'Y (If tIl(' rlut a. 111'1'('I lu- urklitiuuul filt'hll' of I h,' thuo window hat! I (l 11('
ronsidorod. Cortainly tIll' rrsultun! rlatu suiuplod ,tt a fl'('(ltH'lH'~' of f 1/ ..\1
would 1lI'('1ll'at('b' 1'I'Jll'(':-«'llt only th()~(' fl'(llIU('lld('~1 below f /2. il(,(,(lt'(ling In tIlt'
well-known N~'(lUil't I'l'itl'l'ioll, II()\\,('\,(,l', Ih(' Ih'111WIU',\' I'llt-olf would abo 1)('
limitr«] hy tlu- li1lll' window at a vnln« u(' .flf' ~ 1/111" Thu« till' (olul fn'(llll'I)(,,\'
cut-ullIimlt of til!' Md(('lIl1' \\'aI' esthunnxl tu Il('

J' ,(11)
max ~ nun 21,' tu:. '

Till' thn« itU'l'l'llll'lll wa~ ~I't al d./. ()'1 H fur litl' out it'(' (t'sl, I'IU' Ihuo whulow
waH varied, lH't\\'(I('ll vnlnes of Ill" n,:! 1\ ful' thl' (hlln ltwd til Infer truusltiou.
10 uhuut 111' ,.- OJj N iill' 1""U'('!'1 1l~:('1110 ('uuqll'u('t hnxo-Ilcw jll'olill'll. Thu« ill till'
Ionuor tlU' Ireqururv lhni! wn» about !i II~ wlil'l'('U" ill thl' h~ttl't' il Wit, I l'l'(hH'('tl
10 urouiul :! 1I~, 1'111'HimVI' \'1\11l('H\\'l'1'(' I'hol'I'U aft (11' caroful ('OllHilll'l'atioll of til('
ruw <lata, FIllO I hp w!ul'ity lll'ulil(' dnfn, thN'(' wal'i l',l'll(,l'all~' Ill) Iti!:h fl'l'(lIWIH',V
('0I11IlO11l\llts ill till' How: IhI' I'l'it(lriou lill' dlllllsiul'. Ih('HI' lilt ('l' :wttilll\S Will' 10
('IlHlll'(I a high <lata populatlou per \\'i1ll10\\', 'I'he initial ~lill'.t'H of trnusltiun \\'('1'(1

I'hi\l'a('I('ri~l'(jll\" II lmu; \\'a\'P!t'llgllt dovnuion, 111ll~ t lu: Htl'llI~\I'lltiilll'rilll'. iuiplk-d
h~' 1111':-;('HIt PI' !'l'llillgs dhlllol aliil!' 1111' huportuut lI'atlll'p~, of Iht· (Iala, J.a('1'
t nrhulou: Ilow wu« SI'\'l'l'pl~' aliH~l'd (t Ill' Btl't hod }\\l!'('I'}i!'i[llll.\' ('lIkulat!'ll t 11(' 11l1'!l1l

.,

\\'hll!lllVlIIl~ Ipdmitl\ll" h"C.tIl','· it lIH'.I~IIl'I·t1 I\fill!(t'ut, \\'01:' lint Imhjlon til till' !liUII'
I'I'lIl'l'inll !HI il 1II1I'IIlilllhllll!llt".III.I,hllll! llr{l('l'hh, It WiI!' I'Ntinmll'll (bv IIIllut'ricilll');lll'rlllll'lll)
that tht· Il'l'hlli'l1ll' Illarll'lft til nlius fn'IIIII'Ill'il'!i unlv 11111)\'1'upprmmlhlll'lv lit""



}.tlO11l~11'11IIJ01'all'.l'll!lil'lIl. IhI' Ili~fl'ihntioll of till' datu b not 1'1'1)1'('!';(,III('(\ hy tlt('
lWl'ii,Olll nl )!ait' of liuc's lntt rat lu-r IIY Iho :L1l).,h'l\liw's purallel III II II. TIll' hi as
hi it l'I'!'lIlt of itll'OITl'r, I\i:.1l'illilt inn of clll Ia nhuut 1111' IIIl'ilU. Fol' inst alll'!' tit!'
puiut ( l) which i:. oh\"ioll~il\' lill' Irom till' t 1'111'nu-au Ii('s \'l'l'~' dIN' 10 t h(' iuouu
ill tIll' hiae,1'11 ('akItIa! inn. wIIl'n'w, pOill1 (:') which i;o( rlenrlv dl)!,(' to t hv 11111'
1111'0111 is Iar uwav ill 1 Ill' hi"~I'd 1111'111 rulrulnt lou,

'1'111'extra Illoatil'lIiur\ or 1111' data l'iIlI~'1'11 h~' IPlllpm'al gl'allil'lll hi as lliI:l ))('('11
l'IIll!;hlt'l(',1 h\' (;1'('('lIh)al 1 (11l1)(l,I. "I, ill I hi:; I',ISI' f(ll' turbulent 110\\':-, III' IC'I'unlt'l\
l'l'I'Ol'H <I:. hillh mi jll';: ill tmhlth'IH'I' h'\'(Ihi. Tit!' tl'l,ltuillltl' ('lIl11lu,\'l'd to 1"'1ll0V('
IIII' "iw; \\W' »iuiilur 10 thaI 11:.1'1\hr cia Sitv,\ (l!HHI). '1'111'mothud ('illl 1)(1hl'HI
c'xphtil1l'l\ h~'1'1'11'1'1'111'1'to 1i:',lIl'l' :i.li:

OJ l·ill' it 1.1IIall tiui« window ill :.howll iu till' 1i)\IIl'I', u h'I\H(o HllIill'I':; lit hi nuulo
11110111\11IIII' Iiala, 'I'lu- I'X)ll'l'illll'lIlaI pnlut« ,Il'I'lIatt!'l1l'c1 by 1'I'1ll\l\'ill)~ thi!'
do)!!' 11'11111thl' ,101101,whil« iuaintuininr; 11u' fiaJJI(' IIU'iUI value',

(ii) Till' w('ir',I11l'lillll'lI11 .uu] stundunl doviution «uleulutiou iH ilPllli('cl to till'
ilattl'lll'(lllala. 'I'hv dn:u l'(ljl'('liuu nill'l'itlll Ill' II Ntmllllll'<i ,ltlviatiouH (ill
all I'i\fi('fi 11 :1 \\,1,' n:,I'I\ ill tId:: :itucly) waH thou II~I"\ tn l'('.il'd poinls
0111sith' 1111',,1' values, This was l''lllivall'lIt t U l'l',iI'I't iug rlutu unt~hll' Ihi'
1'111111'1IIiIII'S.

(iii) PI'O('(I,,,, (l) was then )'('pI'atl'll, hut lin' tIll' I'(',hl('('ti (lata :-;1'1, TIt(' routral
uu-nn point of IhI' litt ('(I mean lhu- 0 (f i' f':) in tilt' ligl1l'1' * was t nkou as
tIll' uu-uu vnln« lin' tlu- Hull' whulow, 111' tourporul posltion Will' 1111\1'11
as ('1'111tal 111tlu- ·,'·iut\o\\'. 'rillito h~' III'Or.l'Ilssill'~ Ihi' wiudow by Im(','(';;~ivl'
ill('l'I'lIl1'lIt!l ~I Ihrunvh IIll' d.uu, moan Pl'll('I'~I;('(1 vulues \\'('1'(' ('n1l'ulatt'll
ut ('V(Iul,\' !l1,\l"'11 puinlH ill tIll' (lata .~I 'llltll'1.

3.,1.3 'l'h(\ time-windowing tochnlquo

A 1I11'1IHlIIIII' l'aklllillill1~ a 1l100'hll~ il\'I'I'a)\1' wah hillll'll at ill Ihl' almvl' 1il'l,tioll.
'l'hl« sl'l'liulI l\t'),('rilll'!; tlu- ait'.lIl'ilhlll I'llIplo,\'I'tl •• \~ tlt(1 vnrinuou ill Ih,' uu-au
III' a Mtl'olll\l~' Villi \hlt' llow )',\',,11'111 wus of prinuuv ('()n;'I'I'Il, it waM 1l('('I':-i~ial',\' 10
I'nlt-nlatl' I hI' uu-au uJ' h IIIall , :'IlITI'~",i\'(' }IOl't iou:; 01 rlutu, with I III' tim« 'window'
of cllLta c'oU:;iti('l'I'11 siuull ('nlllll~h ~o that 1hI' \'(II(ldl~' vuriutluu within that l'(')lioll
"'ILK dO:i(' to liuonr, TId:, IIltl\'illl', aWI'HI'" 1111'1hIHI WIlH nlil',1 hy «Ia SiI\'1i (l!I!Hl),

'l'he has it' IIl1'lholl dIU""1l was In aPlll\' thll "'1111101'011 c'OI'l'I,('tiull :;l'1l1'III(' 10 lilll'-
(,1':.~i\'C' window» ill III\' d,lla. !Ibn 1'1l11'Ill,\'illl\ 1111' aho\'(' 1'I',i('c'lioll rrin-rlon tn
n'lIlll\,(, 'lh'op"ollls' uud 01111'1' illllllllalic'~ ill I hll datu. 'I'horo \\'I'l'l' Illl'1'(' !la:;it'

·'Th.' rakllliitillu'j III TI'IIlIl\'I' tlu- \I'I"rin' hlit" "!('Pl't t«'llllin' 1111\1 thl' datu Ill' I'Urrt'{'tpll 11,\'
,\ f'll'llll 1'I'lIlillllilll', II', lUill',llItltlh', 'I'hu» on i\\'I'fill',I' the' 1I1011\mtul!t'!iuf lhl' wIlli'll\' IlIIilll'i art'
1,I'p( 1II11',I.ml. ill Iln!t'r tu uuuut.un I Ill' turn'l t \'!'ltlr(I\'lllil'j rurn-rtion. Tit". fa('llIt wa~j i!~ll!lH'll
II\' du Silm (l!I!JtI),



iuust IH' lIHHh', awl tlH'I'on'I'I'1 oquations applied. III th(' ('Ul'l'l'ut ('out('st· of lam-
iuur und trunsitionnl (lnitiullv dblll1'i)('d laminar) 1l0WH with high moau values
and smull rolntivo Iluvtuatinr; courpoueut, ('olllllariKou of thI' l11('i\1IilK l'all-ullllNl
nhovo with 111('normal moun ruleulution showed dis('I'!'llall('i('s ill onlv Ill(' ,itll
si~llifit-allt ligllr!' CIt 11'(11',,1, Thus ult hOlll~h t ho 1'()l'1'(,(,(t'd "'Illatiolls WI'1'(1 UK!'!!. ill

t lUI 1'!U'l'l'lit rnutoxt Ihis bias was 1I1'~I,lildbh',

TJ.I',;(I two ('1ft'(,!;; ,\'(,11' not rcully prosont ill t}l(' flow HyH1om , Tho \l1'l(' of tl)(1
fn'qlH'Ilt'Y Khiftillf\ 11'('hllirpH' plilllinall'll 10 a gl'(lat (IXIl'llt th(\ Jlo1'sihili!y of Ill('
filter bias, hy rpclndu11 tlil' relutivv vnriatiou of tho wind!:.' to til!' Zl'l'Il datum
[sp!' K('('(iOIl ;J,2,!i ahovr- for all oxplanntion]. Friul\l' bias was nhsont 11"(',1\11'('
of tho hil~h velocity, oue-dhnouslonnl nnrur« of the Ilow, aided ar:ain b~' l1SI' of
Iroquonrv 1,ltiflillg,

Tompornl gt'auiNlt blaa

A prodominunt lWW (1m,,,! al'is"s ill t 1'1llI>01'all~' varyhu; Ilows, that of tcmll()1'ILi
~l'a{lh'llt hias. Thi« i1' shuilur to tlu- spatial hroacl(lllillr, probloiu outlined above,
1>1\ t ('OlI('('l'llS t IH' artilidal I>roarloniiu; of t11('dnt a ill ,t small HuH' window 1 duo to
tho moan trend of Ih(' dOltu ill('l'('nshlf~ uotlroublv within t hut wlurlcw, Fir,m(1 a,G
illustmtl'H I'hiK dr(I('!.

Fip,1l1'1' a,(i: 'I'ho tl'1I111OI'ai hius problem aut! itK ('(l1'l'(\('1lou ill LDV data 11l'(lt't'1'}'·
ing.

III this Jiglll'l' H lilllall pOl'tioll of dllta i~,...JwWII. within thl' li1l1l\ window of width
til" This rlntu }IO~~;I':O<~I'~it tvmpotul inrreuso ill vnlu«, whk'h ('lUI \)(' upproxl-
matl'cl h~' tltl' llneur 1I11'a11 vnriutiou II II within tlli}'i I'l'gioll. BI'('all:;(I of thl'



3.4.2 Bias correction

Tho primary aim of dut a Jll'O('('~~ill'~ ill uustoadv LDV UH'aSIU'(,lll('l1tH is usually
to romov« til(' hi as uiul bl'OIt(\l'llillg, uud to 1Il'O(hH'1' a l'('Hultant sN of points
HItl1l1l1l'd at fYl/llltll" tim(' intorvals, awl 1'('1>1'('sI'1IIilll-\ tho lIW1\U variation of til<'
How. In order to nchi!'\'(' this a windowhu; t!'l'lllliqllC' was employed, whorolw
small POl't.iOIlH of tho (lata at 1'1'/.\\11111'tiUH'H wore 1l1'()('(II4!i!'<1ill orciN' to produce 1\
menu value for tho lntvrval, ('ol'l'('('tious tn tho data luul to ho appliod to avoid
any hil\silll~ of till' results.

Oorrecttons Ior tho voloclty bins

'1'11('1'<'nr(' IIHlIl,V mot hucb that run 1H' omploved fol' ('Ol'l'(I(,tillp; tho datu for this
I'fl'I'('t, fhl' instunr« )i('(' DiluolakiH (Hl;li), In most ('aSPH the mrun mill standard
doviutiou calculation» 1\1'(' wpir~ht('(llt('('()l'dillg to ~:Olll(1cnrrcctlon Iaetur ill ord('1'
t () 1'1'll.!lV1' IhiH him~.

A particularly shuplo NdH'llH' (';l11 }I(I <'lllllloY('11 if tho How iH one dlmoualonal,
iuuuoly tho tl'dllliqlH' of ~It-Lmlghlill & Tledcmiau (lU73). II<'l'(' tIll' meiu; and
meun-squuro Iluctuatinn {'I\!t-n!athlllH nrc simply INI'ip;htl'd hy till' lnvorao of tho
\'(Ilndty mngnltud«, as

(3.2)

'I'll!' US(I of th('HP ('akulatiOlIH will nivo good l'('HultH us 1()11~~IIH t:I1(1 Ilow romulus
lal'gI'ly ono-dhuonslonnl ur Ht('luly [BI\('lIl\v(I t'l (II (WI!»]. In t11(11l1'I'HI'llt: ('IHi(1
til!' wl()citiPH W(l1'(' lIust(,lltly hilt highly one dhuousloual. This rapt, ('ombhH'd
wit h th(1 USI' of fl'('qll(llll',V shifting. !'INu'('11 that tho 1Ul(' of t:hNw silllpl(' l'('lati()llH
yloklod ('Ul'l'('('t (III dutu.

POt' flows with signili{'Il11t multi-rlhueusionnl windt), lipldli, t\1(' 11101'(' correct
ItllPl'CHWh iH to l1S(' It l'P:-;hh'Il('(I·tiuH' w('ightill!\ tl'l'lllliqu(I [Buclnwo ('( til (lU7U)).
whlch roquiros {I)(tm lulonuutlou 1'1'0111 tlH' LDV such llH llltt'tkh' rosklonr« time.
This data wn« uvailuhl« ill tIlt' current sy,~t<'lll lntt was not HtOl'('(1 1>('('I\IIH(' of Uw
applicahility or t b!' sitllplpl' :-wil(llll(l,

III lll'i\('lit't" "\lb~\ti\lltiall'fll'l'I'('tioll;; to (lata \tHillg (:),2) unrl (:ta) ollly hormuo
HiglliiiC'lUlt \\'11('11 t \11' tint u \'arill( ion b('{'oul!'s !In'w' wit h I'I'HI )('('1 to tho mouu.
TllIIH ill turhulout llow 1ll1,;\;illl'I'llH'lltl1. vun-Iul ('(lIl~jdt'l'ati()ll of th« hin:; (lffl'('1
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lous ('It\UWS of bins ocrurriug duriug lll'O('(,HHinp; can 1)(1readily icl(,llti{ipcl and
removed. Mcl.nughllu k 'I'iedermnu (l!)73) Iliv(' I~detailed cxplnuutlon of Ihr
hiasC's O('C'Ill'l'illJ.!; Oil LD\, IlH'HSIll't'IUPlltH, Tho main tnulltional culprits of bias
111'(1:-

0) Velocity bias: If tIll' sppciillp; partid('s are assumed to 1)(' evenly dis-
tributod ihronglrout the' flow. then mousuromont of portions of tIH' flow
wit' h hir\h \'plodtil''' will show It gl'pa(l'l' data rate t hnn portious with lOWN'

voloeitios, ill (lil'P('t ratio to tIl!' ratio of tho velnrItles, Thus h(ll'<\USC' of
l.his hins it would 1)(1\1101'1'likolv for a hip.!l volocitv roading 1)(1taken than
oIll' with low vrlccitv, Consoquontlv lht' shnpl« menu of allY group of \'(I-

Iorlty valnos will 1)(' hia:-;pd townrds hi~~hvoloritio», simply !H'('mUi(' more
p<lrt.id(':-< with high w)ot'iti('s art' liIwly to 1)(1measured.

(iil Spatial gradient bias: If It I'll'Ollg spatial wlodty gradiont oxists !\('ro~:;
t Ill' mousurlng vohnn« (Ior iust anco ill the boundary laver), t 1l('11a wide
baud of dl\tlt will bt' H('l'll. 1'11(''slow' sitlt, of tl)(· lll('I\Sllriug volume l11('IIS\\I'-
illg It much lower wlol'it.y than tIlt' 'fal'l' si<l<.. Boruuso of this 1\ laminar
velocltv lim(' plot from it 1'Pgio\l with Htl'OUg spM.ial gradient cnn 1)(' mis-
taken for It turbulent wio<'ity profile. Furthormor«, It simp)!' mean of tho
data will 1)(1hias('!! towards tllt' hi!~ht'1'wlo<'ith'H as ill point (i) above,

(iii) Pilt()l' blas: 'flip high and low out-elf mtor UHN1 for romovlng tho high
fl'('<tI1C'Jl('Y Iwisp alit! porlostnl from tho signnl rC'Hj)C'ctiwly.('lUI also result
ill tho introductlon of hins, If II\(' l'mlgC' of w!o<'ity varlutiou oxcoods tho
IU'('PptlllH'(' l-und of the' li\t ('r:; , thou nil v(liodti(,H 0\1 sid{' tllt\ Illtor rltng('

will be' removed Irom th(' signal, !t'lwillg only voloeitio» within thiH l'!\lllW,
ThiH biaH ran ho l'c·ll\()'\.'(\t! oulv by lh(' corroot cholce of mtN' SC'I'I.illgs,

(lv) Fl'inp;(l bins: 'l'ho LDV Si(~llal counter roquiros thlLt thl' parl'it'}o trnvorso
It ('(Il'taill number of l'riu!,;('s lH'fol'l' IhI' sjJ~llal is U('Cpptt't! as valkl. This
iH 1\t'hi(,\,ptiHimpiy bv rouuting tho 111\1111)(11'of ('yell'S ill thv Input sigunl
Ihat (lX('(,I'(\ tllP ltc'('pplllllt'!' t hroshok I. IU'('('lltillg the l't'llcliug onlv if tho

dl()~C'1I11\l1ll1)('r is px('p{'(h'(i. For parlklt'~ pO~:;l'ssillg high w!ocH.iI's at right
ll11gll'~ to tho clit'('c'tiou of niousurouiout, only 1\ small uumhor of fdngt'H
will Ill' ('(I\\I1«'cl I)('iill'<' t ltp pari klc' ngailllt,<tVPH Iht' l't'giou, 'I'his iH j)('('!tllH(\

t 1](' high 11\(ornl \'dlldt~' coutponout ('awws tIl!' purtlclo to truvorso the
1ll('1114111'illg voluui« h~' nulv 1\ small dist.mH'<' ill tli« nonual direction, Tho
upshot of this C'll'<'rt is thut oulv llartidC'H movinr; ill cortaiu clir('t'ti(lltH will
ho mousun d, Tho 1\11!',I(I OWl' which I'Pl\(lillgs will Ill' 1'l'r;iHt!'l'('(l is culled
t 11(1ltc'C'(lP'lllH't' augl!', {TS(l of Iroqururv shifting drauiaticully all<'1's t It('
llUgl!\ or PI'('l'ptl!U('C' 11(1('i\l\sp of I lit' frillgt's llHl\'iug counter to til<' din,(,tio\l
of pnrt it'! • mot ion, nllo\\'iug 1ll01'C' frillfWs to 11(1Il'I\V('l'H('d, '1'hlls ('()n('('1 \1St'

01' 1'1'I'CfllPlh'Y :-<)uftillg "Illl alll'vial (I t lib hias. In th(· current ('0111 oxt, t)1('
voloeltv Hilt nrnllv has It \'PI'.\' narrow aug!p of illcitlP1U'P ou tho IlIPIIHll1'iug
\'011U11(" aurl I lib bias i~:t hll:- or no ('OIlHPCfIl('tH'(' In t ho ('\\l'l'('111 H,\'st Pill.
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(iii) Tho depondonce of the' measured V<'ioeity on only t11('beam Intersection
anglo and i'1'('(11l1'1l(',V of tho light rosults in 110 enllbratlou 1)('illg needed,
This allows urrunuo iuoasuromont Iroin (,l'PPl)inp; flows, dp;ht up to OIH'S

POHHC''lHillg supersoulc volocitlo», No callbration is required W1W11 clmngillr;
working fluids, Ol' ill Ilukls whore tlio Ilnid proportie« vary, Errors ('1\11
1)(1introdured hy variabl« Ilukl Pl'oppl'ti(,Si for Instance if tho rofractivc
index of 01<'Ilnid is not isotrnpic, ill which ('l\HP tho boam angles would
vary, IlOW('VP1\ anisotropy would most probably 1'(,H\111' in tho beams not
int('l'HPC'ting at all, thus not lowering It('('Ul'll('Y hut eliminating tho signal
altogether.

(iv) The H1111\1lHlmtin) extont of till' measnring volume, comhinod with tho high
dynamic l'I'HPOllt-'P of nil' method makes it idC'al Ior lll('!HHlringstrongly
V1~1'yillg flows, TIH' dynuinir response is not llmltod by the iustrumout at
all, rnthor b~' tho S('('(lill[-\ partkl(·H. the' <'l'itpl'i()ll h('in~~t11M thl's(1 pat'tki<'H
follow the' flow vnriation U('('1Il'atl'ly,

Dospit» theso stroug {l{l\'allta~r,(,H, Ill'i with nny instrument, care must 1)(>takon ill
HH uso, Iu purticnlnr tlio LDV method ('1\11 yiold VN'y pour l'(llt(lillgH if tII(I oporu-
tor shews It lack of 1IlHIN'stnlldillg of tho \HUolie principles and pitfalls lnhoreut ill
the method. In genoml tho LDV can \)(1 t1'(·{\1'('(\ ns It 'black-box' measurlug c\('-
vice, hut. only linN' careful Ht'ttillg up of the systom (beam aligmnont, fn'<lll(,ll(',Y
shifting, Iilter HPtt.ingH and so ou) to match the current flnw couligurnblon, POOl'

Inltiul sot-up wlll rcquiro ('OI1Ht!lllt. nd.itlst·lllC'llt to muintaln l'<'lIcliugH, bill. ('1\1'(1£\11
initial nrljustmeut will allow It 'point and shoot' lllot.liodol()gy to be adopted,
ThiH iH ('sll(lt'inlly HO with 1'11(111101'('modem equipment, whore higher powered
lItS(,l'H cmnblnod with cl('vic('H H11<'has 111(1fr!'<[u!'lwy shinN'H allovlato llllUlY of
tho problems IU4soC'iat(I(1 with SilllJlll'l' d!'vic('!{,

'1'11<' following HC'etiollH nro cencorncd with tho Slwdlk nature (If tho dutn gath ..
(11'(I(t from all LnV, alit! tho ('1\1'(' that nnw: 1)(1 tukon ill Pl'()('('s~illg thh (llttlt to
avoid ~'I'ri()l1H (Il'l'Ol'H.

3.4 Data processing

Indivkluul 1ll(lIlHltl'('llH'llts Irom a I.DV 1t1'(1hi~\hly IIC('m'at(' iwlkatiollK of t.ll<'
wlodt.y of tho Illtl'tidcl that was llH'HHIU'('cL This is b(,C'tlIlH(1 of til<' IilH'lU'Hy of
tho method, Problems Ill'it.<' wl1<'11 the' uirun fluid varlntiou ill the· s,\'Hh'lli lWH to
ho ('xtrlt('!!'(1 lroin lnrg« g1'O\\jlH of tlIl'H!' ludlviduul mcnsnronu-nts.

3.4.1 Bins

Tho cUlIkltlty of Jll'O('c'~sillg LDV data WHS 1Ii11('(1 Itt. ('IIrllor. TIlt' muin ('otH'pm
wit h data }ll'(l(,t'H:-;iug iH t hv Iutroduct lou of HPlIl'iollH hlat-> into t he' dut 11. Vnr-
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simply Ily utilisiug t ln- plil1ri}lh' whorobv light 1)!'a1llH of dilC('\'('nt froquencies
do not interlor« with 0111' another. If It laser Ihat omits light at lllallY discrete
fr('(lll(,llci('s is lIs!'d ilS till' pOW!,1' HOIU'('P for the upparatu«, then individual corn-
pouout fl'('(lll<'llci('H of 1his las('!' hoiuu (~.Jllit IlSillr, a prism) ('lUI bo suporlmposod
without iU\Pl'i'l'l'illg, Thu« I'fJ'l'l'tiV!'ly two soparato velochuotora using dilforout
liuht fi'('qu('udpH run Ill' HIlP(,l'iIllPOS('11 co-axlallv, with tlU' 111111111\1plune of thelr
1H'<llllS at right allp,l!'s to OU(' auotlior. Suitable Iiltors ('lUI 1)(' oiuployerl 011 two
soparuto photumnltiplicr.. such that measuremout of til!' signals from each com-
p011(1uI ('IUl Ill' romplctelv :;('lllll'al('11.

III order t () measure all t hi'('(' \,plodl~' romponents a third volochnot 1'1" opernt iug
using :t third Iroquoucv of llglu, run Ill' ullguod with t 11('Illl'1lsIll'iug VIlIlIllH' from
an acute aUAIl', Tlnrv ('OIUPIlIIl'ul systems sulfor from 1he disadvantngv that
t he' third rnmpoueut raunut IH' co-axial wit 11 t ho ot 11('1'two, A!'.t result It vorv
bulky optical bench b Il(·('d('d. ('(llIplt'll with a 111'1'(1Ior It M'('O!lIl optirul path
into !he' flow. FIlI'IIII'I'1lIll},(', rumplirnt ions to do wit 11optical mlsnliguiuout ill

complex flow W'ollll'll'ips I'1\U nreur, and such sy:;tC'llIs [1.1'(' t hus only ronlly US(,IU)
in l'l'fl'lll'ti\'(' iudvx-tuntrhcd :;~·.;tc'IlIS, or for uu-nxureuu-uts ill £1'('1' nil', Nt'\V do-
volouuu-nt« ill t hr lipid haw 1'('('('ulb' resulted ill th.v LDV units iueorporutiug
lihre optic' I('('huolo!~\·. nllowinr, 11l1I1'I1siuiplor cll'sigll of 111('sl' multi componout
S~·stl'lllS. and 1111l~olhulua iug "OllH' of t ln: rosorvntious ('OUI'Pl'lliug tim'!' coinpo-
uout SYHtl'lllS ('xprl's~l'd allow. Till' ('IIl'l'1'1l1 syst(,lll was It two compouout dovlco,
although ouly singh' component axial flow mensuromonts W('I'(,mado <luring the
!iual I('sting,

3.3 Advantnges of the LDV mothou

AH 1I11'utitllwd ill t h(' (lis('ussioll uhov«, 1ho dual 1)('11111lusor velocimotor hollIs It

Illlllllll'l' of a(l\'allta!'.('~ I\~ a !low IlIl'iI~1U'('lIll'l1tdevico, Tn snuunnrlso, rlll's(' <11'(1
liS Co 1111\\ s:

(i) '1'111' s~'sll'lll 1ll('i\:;I\l'I'S \'1'('101' ('OlIlJl"1U'Ill-i of windt.)', \TSI' of II 11l111ti-
('UlIIl)(!Il('llt LD\' allows till' (lin'('t oxtnu t ion oC Ill!' sopnrato wlodty com-
poucuts, III ('1l1ll1lill'bull u lint- win' t\l'vit,(, h~ILscnlar lIlt'nSl'd11~ lustnunonr'.
uud murh PI'(II'l's"illl~ must 1)('(low' til oxtnu+ tho \'''!cH';ty compouonts,

(ii) TIt(, s~':-II'lII is non iuvaslvo, l'I'(lllirilll\ olll~' tlnu thl' wnrkmg llukl uud con-
taining \\'i111~Ill' trunspnn-ut. This huhls a 11111111>1'1' of mI\'ltnlllg('s, 1I111111'1y:
Uti disruptiou or till' lluid Iwitll'. meusurtxl, niul t lu- ubilitv to hp IISl'd to
llll'iltillrt' wlol'i ti(', ill host ill' onvirouiuouts Irtnnhust illA Ill' rnrrusiv« flows) ,

IA 1.1IlI',It' 'hnl win" WiIIllI.',I~IIf(· 1111'-ralar valur- uf thI' velorttv III till' plano Jl('rJl('ndklllar
III its .Ixi ..; thp rumlnnnttun u] 111'11vrrtur \',,)ul'itll'S, 'Iu rliscrinunnto the \'pludty ('U1I1JlIJIII'uth
ill "l\l'h a '\'"t('III. thrr« wm-. mu- lH' )1II',itilllll·.1 ill a 1lI11111ali,\' IIrtlulI\IlIIllluHulIll·r. and tltl'
mlll)IIIIII'ut Wllll'lll'" ('.\11 Ill' ..xlrattl·,) frulU tlu: ('urn'hltilllllll'twl'l'Il tln- 11m'p h(')Hlfilll' n·adilll~N,
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3.2.6 Random time base

Usually It flow dpvi('p such as a hot-wire unr-iuoniotor or pitot tube lllC'1IHUl'C'S

tho How vnriatiou continually, Sampling of tho dovicr- lrnm u ccmputor or other
such instt \111H'111h, t hon dono l'Pgnlnrly. at a sot fl'!'<lU!'IH'Y, As a result. tho limp
incromout 1)('(\\'('('11 tho sampled l'mcliu!!,s is fixed, allowing simple storag(' (2lt
11('p<I:; to ho stored only ouco) aml simple Pl'OC'C'SSillg; for ills! IUll'C' HSP <If til!' I"nsl
Fourlor Tnursform (FFT) run 1)(,made to extract frequenuy domnin information.
uumertcnl dlllon-ntlntion. iutogrulinn or 1il!c'rillg run proceed using auy number
of standard al- tll'it Inns.

Th« II\HPl' anemonn-ter, on till' other Lund. only fl'giHtl'l'S a Hli WI1('11 It particlo
traverses thp meusurinr, vohuno, titus tho interval ]>(lIW('C'h l'Pllciillgs iH not Iixnd
hut rnndom. For high lil'('clill!!, c!flU.it,\' aud reasonably high velocitios, t his rato
of purtlclu trnversnl npprourho- it mor« or loss Iixsd l\VC'l'agC' ill tho 111l'1I11, and
thus the time incromont romaiu« randoiuly distributed about some mean value,
For low partlcl« cl(,11~itil's or low vl'loC'it.i(ls lHlWPVP1" Ill(' time of arrival of the
next particlo h('('0111I'S l'Olllpl(lt!'ly unprodietalil«,

Tho "Il,,,lOlll tiltH' btU.;!' !'aU:-;I'S it number of problems, both ill acquisition awl
ill Pl'O('(IHHi11g, Filt('l'illg of 1Ill' l'('Hnltillg diHC'l'('tl' velocity ciata to 1'C'1110Vl'high
fl'l'<lllI'lH'Y components requires Hp(I<'ially developed algorlthms (see section :ttl),
while' fl'equ<'lu'y domain infonuution U(,(,(,SHitltt(lH tho uSP of slow and cumber-
some algorltlnus such as that hy GaslN' & HO))(,l'(H (1975, 1077), JIOW(,V(,l" if tho
dnta rato is hiuh enough, Ilw11 til!' time hasp ('1111ho Slll'('(\lo;sfnlly npproxh-intod
IW its moan value, and nl!' more connuon 1"1<''1' tyP(' algorithm» cnn h(' employed
[for iustanc«, S(lO i\Il'DOllUI'! ,lit. FH.zpntl'ick (HHJ2)] to obtain froquoncy infonun-
tlon, A moro snbtlo prnhlom !It'iHNl with l'<'Hlll'C't to til(' 11('(lUisit:iOll of <lntlt from
all 1.DV, bocauso on til<' lack of kuowkxlgo ('OlH'I'l'uing the' arrival of till' next
partid(', WIH'l'I'IIS It hot-who probe cnn \)(' sampled l'('p;niarly hy computer, iPM'-
iup; til(' ('01I1I>11t('1' [1'('(' 10 ('oudu!'t other tnsl,s \wtw('(lU l'('llcllup;s, till' ucquisition
of LDV dnllt 1'I'qnil'!'H till' cnuiputor to hc' nttcntlvo Itt all tiltH'H, iu ('!tHC' It road-
iu~~ iH lllltclc.. Thi» it'! "Hll('('ially it problem ill the elll'(' of n. multi-channel system.
!IN'l' It Hiv,nalmay hp iP;llOl'I't! hy till' con.putor on ono channel h('('ltllK(, it iH bllHY
Hltlliplinp; nuot hor chuunol, III t his I'mi(' t hI' fit'st chnunol siuuplod will nlways 1)(,
Iavonrod, musing It hi as ill thl' dntn towanls this ehnnuol. Th: possihility ofthiH
C)(,t'ul'l'iu!!, ill I'll<' present appurutu« WI\H avoldod hy ntiliHiug It 'lC'lmrnt<' cmuputer
for ";I('it LDV cluu.uel, thus (WOi<lillg titl' liwcllirill!!, of any p.u+icular cluuuu-l,

3.2.7 Tho multiplo component system

TII{' Jll'!'('('dill!~ d(':-;c'1'iptiollC'Oll('Pl'UPc! II Hiugh' rluumol lnser Doppler HYlltNll. ('OUl'
pl'isillg II ~ill!\It' pair of iueklout IH'i\lllS illtC'l'SI'('tillg ill titl' How, romhined with It

:;iw~h' Sl't of t'!'I'P1Villl\ opt k~, It iii jlossihh' to construct it umltiplo compouent
SYHtl'lII Ior lllP<lSlIriUI( uion: t han (1l11' rompnnout of volocitv at a giwll point,
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Fir;ul'(' a.i;: '1'11('prop;r!'Hsiw 11l'()('PHSilll!;of th« slguul from the phutodotwtnr,
resulting ill It frt'qnt'Il('Y monsuromout.

3.2.5 Frequency shifting

A "trollr; elisatlvauliW' of l!i(' shupk- dual he.uu method i~that ollly thl' mug-
nit udo or thp volocitv \'(I{.! or is uu-asured, not its Hign. Thus: II rovorsing Ilows
there is no way Ie nsrortuin ill wldch dlnx-tion tho flow is mov IIp;. To overromo
Ihis, tlll' prinripl« of Iroqucurv shiftill~~ was dovlsod,

Fl'('qn(,IH'~' shiftillP; entails dtallf!,illg tll(l ft'{'<tIH'IU'Y of ouo of th« 11\('11'1'lWlllllS
slip.llily. hr menus of a Bragg cell. When tho shlfted and nnshlfted hl'allls nOS'l,

the frillg<'s uo IUlIAN' remain st at iouarv hut lUO\'!' 1t(·l'01"l.~t hp measnrlug VOIUl'll' at
it rat(' proportlcuul tu tlH' (lilfl'l'('l\{'(' in tho light beam Iroquoucios. TIU' l'('~'Hltillp;
fl'(\tj\!(llH'~r l'('gistt'l't'd hy th« plwto(lp(.p('fol' is tlms not relatlv« to tho llW:,;' trillA
volume itself hut to Ih(' tllovill~\ friu!l,('s. III order to ('alenla'(, th« nctunl Iluid
volocltv, t he Iriugv \'(llocH,\' must IH' suht ral't('d from til!' obt ninod volocitv value.

This shifting of till' Zfll'Odatum allows flows with l\('f.!,al.iw wl()ritil's to 1)(1lUl'H
surod, !lH IOllg as t hoso \'Pludti('H (10 not <'X(·(·('tl thosl' of thr fl'ingt's. III tho
('uuft'xl of Ilows wit h it lllt'l\(, vnrlut lou ill "PlocH;,', fl'PqIWll('Y slMlillg l'('ti'.,·I'::;
Ill!' (,{fl'l'liw l'UUgt· (If tlu \'Plodly rolat'vo to IIH' zvro datum, aut! II1I\s !llll,\vs
high <jllality roudiugs to h(' takon for tIll' eutire lIow l'I\UJ!,(' wit huut Vill'Ylllg tilt'
filter H(lttiugs Oil tlu- counter, Thh-. cun IH' explniued as follows: ('IUllJlOSI' tluu
t IH' mug(' of Ilow vnrintiun ill tonus of fl'l'(IUP1H'Y is Irom OJ 10 1 kII1.. tlH' varln-
tion ('()\'('ril)!~ Oil'/.. of t he rangl'. Wilhont 1'1'('(I\H'I1(':>'shifting, whip filter Hl'ltiul;H
would \)(' Il{'fl\t·t\, admittiug lIois(' awl ,ll'gl'a(liuA tho signal. If 1\ fr('(II1I'I1('Y Hhift
of 2 kllz is <llhII'II, t IIt'Il till' lll('aSI\l'I't\rnlll',(' of fn'lJlll'lld(·s at till' jlhotot\l't rvtor
wuukl he 2.1 to :J kllz, onlv ;JO'A. of tIl!' rall~~('. thus allowing fill' ti~ht(\l' Iiltc'l'iup,
of tilt' iuput !-liglla!. Another war (If vlowhu; lilt' ('fr('('1 of fl't'qll('IlI'Y shiftillg ill
this coutext b to (·(.Hsieh'\' it us a monus wh('l'('h~' till' rl't'IIUI'Itr'~' of tho IH'ti('Htal
Illl(lHil',nnl rnu 1)(' "('pill'at!'el ill valuo, thus nllnwing moro nrcuruto Jilkl'iug (If
th« sigllal.



Flui.' "idlill n round 111111'1l1'(J(hH'(':-; a ~I)'(llll\ h'usiu)', I'H('I,t. duo to tho ('I1l'wli
pipl' illl(,rfill'(' ill nllJlhillaliol1 \\ it h III(' lliI['l'n'lll rolrurtlv« ilHli('I'K of wan-r. !~Ias~
uud ail', A li,\11I rav 1'1111'1 illl~ I Ill' pilll' oil' 1111' major dimut-t 1'1' will II(' Nhal'lll,\'
1'l'fral'lptl as shown ill IiI',111'1',1.!I, (ilL In tlu- "a,,(' olth« L1)Y, thl' 11'1l~1'f['I'I" will
t 1'1111t I) fOl'l1H t lu- hl'allI:, I h!'III~I'!\'P" rlno t 0 111I'it' Iinitv diamotvr, Thus a 1'11\111(1
las('1' lu-am, 1'\'('11 if I'llll'!'iug tlH' pip!' 1111 till' mujur axis will btl distort,'(l with I~

rosultuut Il('('I'I'a~1' ill t,it',u:'1 qualitv Furthermore, 1111'l'I'IlI'I,tl'(llir;lit is r;atlu'I'('11
not hark (10\\'11 IhI' lIC'lIlII llill hs lmt 0\'1'1' ,I I'ouil'al !'!'I\iol1i lu-re Ihi' lI'll!'iing will
I'alls(' Illo~t of t ln- n-tnruiu« light 1101 10 full 011 thl' plmtocit·tl'('lot', l'am;il1g all
I'Xll'1'1I11'1,\' poor :,;il'.ual.

\\(h)

Fit~l1l'1' ,1.D: TIll' 1'C'fl'iWlioll of light through It water HUNI tl1h(': (a). without ~L

xurrouuding watN' .iud,pl: (h), with it water jad,l' I ,

TIll' simplost wav or 1'l'clul'iug t hi~ I'lIioc'l i~10 pl!u'(' tlIP pitH' ill It buth of liql1ici
wi I It t 11l'I'IIIIIC' l'lo['l'tll'tivl' index IIH t hI' wOl'ldug Iluid, und wit I -lnuur illlt'rl'a('('

hl'lwc'(l11 till' IIlIt('!' ,inri,pl a11e1 thl' IIiI', 'I'hi» llI'l'lIlIl\l'lIU'I' own lIH (Il) ill
li'\IlI'C' ,1.!I, Wil h Ihb ilI'I'i\III\PllIl'UI 111(1111111'1'planar wall • !.i~,11I1't 1\11 IIH'
L1>\' lH'illllH l'qllal1~·I. awl t Ill' only 1'11'1'1'1of t1th ill! !'l'lil' (' would II it dlilUI\c' ill
t hll Iwalll i1111'1'1>1'1'1ion atW,lt', TIll' llipl' wall i~ now 1'\11llil lv It Wlttc'l'ct'.la:,s·\\'~itc'l'
i1ltl'1'liIC'I', FOI' a I hill pip!' wall, t In- curvarur« of till' I\la:>:; h"C'UI1H'h il1~illniliC'lll1t,
awl thl' llllssa,',(' 1)1' tIll' hiP!' I)(,Hll1~1 IIU'(lhgh Ihis illll'1'fac'(' • NO 10111\ us !1I1'Y
reinalu 111'111' IIIP mujor t1i<allpll'l' c \\ ill l('~lIlt in il sinull t rnuslatiou (lilly, 'l'h«
sllh~1 alit lul rrduct ion ill IhI' Ie'w,illl\ I'llh,t I\bo lIP1'Uli IHmost (If t hI' l'('t urniug light
t (I n-umin iul'illc'llt 1111III!' phot Cllil'! ('c't01', I'lli' rosult illl~ Sllh~1 aut ial iIU'l'C'HfiC' ill
Hi1\lIal quality rttll~' .i1l~'1ilil", I hI' U:.t' 01' 1111UllIN' wall'1' ,ind,pl,

'l'ho h!coal wuv to «liminat« tl'fl'ilc,tiw Jll'ohll'lllfo h 10 IIlili~;I' II Iluhl wit h hlt'uth-al
I'l'fl'il('!iw hulox 10 I Itt, i ,'1' )',Ia:," pip«, III t his C'iI~1' I hI' pip!' will 'cli~"'JlIll'al'''
ilullt-aling that IUll'l'il'ill'lic 11h. CH'I'IUTillg. atilt thu» LOY I'l'iulilll',H will Ill' po~~ihl('
<l1I),W}II')I' within thl' pipl' 1111\\'1'\'1'1'. most relruvtivo iIlCIN: IImldH'cl i111i(hi an'
I'ilhl'r l'o,:!I I'IIIPb' l'OI'I'CI"-i\'t', folo.it'. 01' liut h, For this r('iI~()1l it wa~i c\l'c'hll'(llo 11:,1'

WHII'I' iI~'IIIC' workiur, Ilui.' ,111,1 lal\1' 1l11\,illIlill'.l' Ill' thl' ulremlv IIllPI'P",;j\,(, l~niH:'
iU1,il'.lml (1Ilali!\' illtl'C1I11It1'tl hv Ihl' wut or iild;C'1. E"\\,il1'lI,I,,- n,\'hh,; (l!ll'{ll ",i\'('
a 1',oIHI t1t'''I'l'ipl inn of lC'fl'ill'l iv« iiuh-x iunt dlilll\ ill Ll l\' work,
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outo tlU' muvhhu-d l-ore. Tho pip!';; \""1(' Iwpl pamlld duriiu; rill' rurhu; of the
I'POXY II,\' Il"ill!~ all a;; '('lull)" .iig. 'l'hv gap !t·n 111'1\\'('1'11Ih(, j,ipl' uud lluuuo (afft,l'
('X('!,",!, ('llOX~' \\'.1', l'!'IlIO\,('t!) \\'01" lilh'll wit It rur hod,' put tv, awl then ~lll()()tlll'c1
awl hurnb ..ltl'll (0 11 -Iiiur-. 'I'his lillerl II 'I'.jill I allowl'll I'iu,,·!ttl lllHI('hill,'. of pip!'
nud lIaHI\t'. t hus avnk] illl~anv ;.tt'Il!'.

'I'he [oiu 1)('(\\'1'1'11thl' 11.1111\(':; was lillbhl'llll1'lim' uttncluuent of till' }lip('''; thus
I'al'(' had to hI' Ink("1 HoI to l!alllill',1' thi~i illll'l'ral'I' artl'!' tlu' pilH':; luul boeu
1',ItIl·d. l)('('all~1' ill'('("~ wa« nnviuuslv 1'1',.,1ril-l ",I an 1'1' lixhu; t hi' pipl':!, TIH' ",Igl'
Wit!'>IlIHCi!;to,loll'dnrilll\ IIH' siuouthiiu; nft h« Il'all'iitioll fill"1 to uvoul all~' daIlHW'.
'I'hv rosult of t lu- .ihov« 11l'llt'I'~~i Wll".l ,iOilllll'l\\'l'l'li thl' ~('('tiOll~i of pipl' l luu was
n'i -unout h Hwll"'I'.lllm' a,., }lo~.;iihh·. lilt' major variat ion Il1'illl~ rlu« I(l t hI' vat'ial ion
ill diiueusiou ('1' Iltl' pijlP', 1!t1'1Il.,1'}\"·".

In towl ('if',ht uuit.. \\'1'1'1' iI~:il'll,J,lt'd. with il 1'1'~"11t;1l1\ 11'1I1',t1l of l:l.i Ill. awl a
11'1I1\t It I (I dlmnot ('I' ru t io of 1/ J) :lH:l, 110\\'1"'''1" Oltl~· t Ill' fir:;! !Ui III W('1'(, HI'('('S'

~ibit, II,\' luser (/ [I) :!()()), Tilt' Iiglll'I' 1.1'1 hhows t hI' pip(' 1i('r;IlI('uth m;~;l'lIlhlt·tl
Oil tlu- l'ig. 'l'hl'llI'il<h'l' IHUI; b ill th" h:u·I:/',l'IlIllIlI. uud thr Ilipl' lrHliK tltl'ClIlgh a
hol« ill IIII' far wall (uol shown), to tlu- "ali'!' :;~'Hfl'lll.
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Construction of tho flllll~('H

Flalll\('S \\'!'l'(' uuumlactutorl out of polvpropylen«, 11('1all!i(' of irs iU(,l'tlll':'H mul
!',oOlI ,,11'111rural )'itahilil~', ,\ d('lailt't\ piau of 11H' llalli~I'!" j~ shown iu Iluun- ,1.7.
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F11\1I1'1' -l.i: TIll' pip(' joilliur; llaug(';1.

gilI'll Ilallf',(' was llwllUfal'tIll'l'lloHI of a solkl block of pnlvpropvlon«, of dintension
ll-i() ;.: li-() x I-i() uuu. S('uliul', waH by IIlt'dUe> til' nu 'o'·liu,'. H('alullltlut(,11 ill thll
trout fa('(', ill lL rt'('(IS:O:l'll i\l'OU\'I' ill t ho 011(' Illlllr;l', TIll' IlUltrhillg Ill\ll~(, had it

mbllll rillil which );1'1\11'(1outu th« 'O'·l'iug within t hb gl'(I()\'('. By this lllt'l\llS

I Ill' H(laljlll~ Iuucrlou (If th(, lIilUl\(1 Wil~ IlW\'I,t! from tlH' all1lttill[,; I'clgl', alinwillll
a Ilush lit 111'1\\'(1('11IIII' uutr», '1'111'11Iatdlillg 1'1Il'fnt'(1 IlI'tw('(lu th(1 l1('al and till'
ho!'1' wn« ;li,\1I1 ly l'ili~'I'I1. h~' (I,:'! 111111. to 1'1l);1Il'(" an illl!'l'f'('I'I'III'1' lit at till' :o;II1'fll('(1

of till' hOt'11 \\'h(11I t hI' Hillll\l' \\'a~ !Jolt ('II t 01\1'1her. This I'lilllillll!(I(1 tIll' pO);f'ibilit,v
of auy gap at t lli~ijoin.

Th(1 (,lIth'(' m;~l'lllhb' was h..111 101\('tlll'l' h,\' l'i!\hl boils. A tapl'l'l't! (10\\'(11WitH

Il t t (1(11 0 1'11:,111'(')1('1[(1('1 aligllllll'llt II(·t\\'t'1'1I tIll' uult H. TIll' lhml muehlnlug of tilt'
11111'(,WI\~i<lOlli' with I hI' two \lIIit~ \mlll'll 101',1'1111'1':ill tlth; way Iho IIl'l'fl'l'l uuueh
of thl' tw« llalll'.ll~ \\'j\1i \11I~n\l'I'I1. FliIIl!',II!. \\,I'n' ill lIlall'lll'<l pilinl, mill cnukl not
lH' iut ('l'dIiIU!',I'I1.

Eaeh lIalll',1' \\,'" "PI'I'ilirilllv nlHlllll'arll1l'l'rl to mntvh a dlOS(llI l'l'l'tioll of I\lah~i
pipl'. awl Ilu' liunl iutvrnnl diallll'll'l' of Ihl' 11<1111',1'hOt'11 \\'a~ matrllnl to till'
ml,joillilll\ ~'I·.'tiOIl"ul' 1',101:,'" 'I'll!' :,('I,tioll'l of ,da:,s lu 111m \\'('1'1' anauIIl'l1 ,,(I that
t lH'~ ~;IIO\\(,11 Ih(' "1IIi11l..~, dilll 1'1'111'1' ItI'I \\'('1'11 I ht' llIaldliul\ I'UciH, 'I'h« 1\la,,'o t IIIII'

\\'a~i 1'i1I'1,t! 011' OIl lilt' I'lllllo ",i\''' it "hitl'Jl il1ll'1'll«'I'. whit-It \\'a~ 111('11Illllll\tl<1 iutl)
t hI' \(11'1'~~1111 1'(11'1lou of I hI' flalll'''' 1l~,i1l1',a hi1\h I1lIality I'poXY 1'1'~iill [Aruklit ('
A\']:!!l .v II\'!l!li 11011'1IIIiu-r]. .\ till"'l' IH'I'\'I'IIIIII\ Iltt' piPl1 Irum fi\dll!~Ilit'p('lb'
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Joining of pip<,s

Til~~lassI('~I lit'." PII,\·iOllSI.\' assl'lllhl('(1 at tht- uuiversitv lIla Silvu (l!J!JO), (h('('u-
blut I (1 !I!lOh) J. 1'('('1 lou- of gJns" 11Ihhlfl \\'1'1'1' juinr« I IIIi\(·t Il1'1" hv fll:-lhl'~ t Ill' ('uell'
of till' pipl' h(·(,tioIHl 10!'.1'11I1'1', This 111'(I('('~S('allsl'!1 ruther hu'gp ripples tn II('
fOI'UH'(l Oil t 111'ill~id(' of Iho pipl' 111'011't hI' join, Th('l'1' \\'1'1'(' uuuvoklublo iuul
largl'b' unront rollahlo ill till' iuuuufuct \ll'illf~ pnH'I'}iH. To uvokl till' problem of
dist or! ion it was (1I'd! 11'(1to 1'(':101'1 tu u mltl-joining 1)1'0('('1':1,\lsiug hull I'll Jlallgl':1,

Initially it wux thought t hat I h,. glass I Ilhl'i'i rould b« simply fa('p(l oil' 1I1VlhlHt 1'1\1'11
()lil(1l' 1\1111Iwlt! 1(J1\l't IIP1' w;inl\ a mila!'. Ilowovor iuonsuroment of t 111\avallable
pipill!~ HhoWI'(1 that slight ovalirv und ,1i~('J'('PillU'i(ls ill thf' (lianH'!I'!' (of tit(' order
of 0,1 nun ovality uiul Il.l 111111vnriat inn ill dialu('1 (')'), ntul dirvrt hilt ting of llip('S
tog('titl'l' would hOI\"!' It'~;lllt('<1 ill :;11'1'''' Figlll'(, 1.!i illustnues tllb problem .

J
.1

Inl

Cl- f

~--i

I

Figlll'(' ,1.0: I'rohlom« IIssol'iat('tl with I'oltl joillilll; of pilH's: (a), 1'11('11('ltlll'rtl hy
mismnten ill .liaml'l ('I'Ki (h), lack of i\(T('~H I Itll'S Hut allow u Iranslt ion l'('gi(lll 10
1)(' hh'lIl!t·(I, (t'). 1111111\('allows IIC'('I';;Sfot' hll'Il(liug of th(' pil)(' Hltl'fa('('.

A possihl(' snlut km or ll'i\\'illl'. it 1'1'1',ioll 1)('1W('('U \ Ill' piP!'H ~ (I» ill t 11(' Iit~lI1'(' •
that ran IH' hlt'liliftl tu .woid IIII~' HIpps hllllll'lliatl'iy 1'llis('K thl' problem of IH'('('~~:

if t hI' pil'('~ aro hOll!hl wit hat mush ion l'I'I',ioll, thou smout hilll~ of t 111'l'('I~i()ll
10 till' Jlipl':IIl(,l'lls tl) JI(I IHl'l'it'll our uulv a[I('1' till' Ilip!'s havo 11('('111101111<'<1,a1111
(itb l'('I)lIi1'l's iI('('('l',' (loWII a 1.;; III h'Uf',tit of pipo, FI11'lhl'I'III01'I' 1111insportion
awl I'l'pnil' (II III! [uln. cuu IH' ('m!'ipt! uut OIl('C' nS~l'l\Ihly of tho (llltil'l' pit)(' is
rumpletv, liS U'('I'S!'i tln-u wOlllIIIH' 1'\'1'11 mor« 1'('~,1l'i(,(pd.

F~illl\ It limit\! cI pud tu ('ai'll s(I(,tiulI (If pipp , (I') ill liWIl'! ,l,(i • allmVl'd titl'
llil)('!' 10 1)(' hlt'llIll'll 10 1';\('1t \llltl'), while nllo\\'illg 1I('('(,HS huth fol' llUUlIlf.u'\.\II:('

uud later rcpair. '1'111' llalll\l'~i \\"('1'1' nuumlurtur«! <IS lllatdll'll pair:" unrl Hu-ir
Iuteruul oore \\'Ii' llludlilH'IIIIII',l'tlH'1' to allow 1I1I'a ))('l'f(l('1 uuueh ou IhI' ahllttillg
sll1'fm'('~;, t'liiul\ tlti~ 11)11.,0;11'11. two l'I'l',iolls luul tu hI' hll'lH\t·fl· Ill' pi)lp.to.Halll'.l'
inl 1'1'Ihl'('~;lor I'ilt,'I :,illl' or t hI' Haul',I',



1'1'~i(lIl, Tilt, iuh-t Willi bumled to it llOIYJll'OJl~'I(l1l1' 1I1l11r,('(dl'l-wl'ilH'd lat<'1') and
t hI' inner matched i'ill1'fill'1' 1)('(\\'(1(111 llalw.1' aiul inlot \':a:- hll'lI<1('(\ and Iill(·t! to
(lvohl ripp}('<; or 1'i(\r'.I'S, TIlt' motluxl of joint ('OU:-;ll'llt'tiC'll is tli:;('Il"H'!1 ill dotnil
in Iho uoxt lit·('tiOIl,

4.2.3 Test section

()111' of 111(' majur )ll'Ohll'llI~i in I hI' wav or ('OW,, 111('1itll~ it lung Illll()!)1 h pipl' is
lIlt' i1vaiJahilif,\' Ill' hi/II! (1IIilJiI,\' :-;illl\it' It'lll\lhs III 11I1lt', Sl'lUlIh·:,H !-'tllil'lt':'}i HI!'!'I
pi PI',; run 11(' Jllll't'ilaH·t1 with II/) rati()~ of it lew hundred, hili ill lilt' ('asl' of
gla::;s t llhing t hI' iuaxin 11111I llIiI111l1~l('II11'(ltlll'llg Ih hi l.Ii Ill, Fur IhI' current lit \I( lv,
iU'('I';'S was )'('(llIit'('( 1 ('\'('I'\'whl'l'(' wit hill tilt' It'lll',! h of 1lu- )ipl'. thils lilt' (lutin'
pipl' ::;ystl'lII had to 11(' opt irnllv transparent.

Soloctlon of pip!'

It was 1\1'l"i(h'tl 10 \lSI' high (Illillil~' I\!Ui'i:; luhilll'. [01' Ihl' Il'st hl'I'Holl. 'I'hv mvau
lnrornal rliumo I PI' of f hI' pipp IIPpII!'d \\'11::; ,II' 11II1J a 1hi~ (linlll(l\('1' wns (it'('ilil'(\
upuu h('I'imSI' it uffl'l'l'll It f~OIl(l romprumis« h('I\\'I'I'U uuliul l'I'Holutioll mu] till'
It'IlI~1 11 of pipp {ilS a rat io of (1i.IIIlPt ('1' J Ihat rouk I lit within (Ill' lubora! OI'Y,
null h('('im~I' sniallor dillll!!'11'1' Inilillg 1)(1~~1'1N'tI100 Ihick a wall in relntlou to
till' t1hUlll'tl'l', Till' Ill't'(\ fhl' 1Ill' I hilllll'~.t p()ssihll' wall was dktall'(l hy optienl
('(lllsit\t'l'alioIlS (U::;('nssl'(llatl'l'l, 'l'ho dO~I'~,1 Ilvailahlt· !lhull('I('1' of glass tubhu;
III\(I a uominal Iutorunl lliillllt'ft'l' of '1~.~ ~L1 nun alit! a wall thidmNi~( of 1.U ,HI,2
III III , 'I'll(' 1~lns~ ('Ol1IPOllU<l was durnu hOl'osllkal(' • a t~'lll' of pYl'l')\ glass, This
1',las:i hnK 1\ high 11,\'('101'I l'allHJlal\'IH'~' t o lil~ht ill t hI' \,ihihlt· l'allg(', uud WitH t hilS
sultubl» for J,])\, lllt'i\!nn't'lIl1'lIls, It JlO!'HI'SS(ld a l'Pfl'!\('liw Index of lAN fot'
I ht' sodhuu J) line, IIIl! I 1\ I l'iIIlS1I1i!<:,itHi litl'lol' (1[' !12~:' for 1\ 2 llllll wall t hit Im(l~s
[Bihhy, tl'!'\lIlH'ill dalil SIIlII'IJ,

'I'he ri\irl~' hil\!t v.uinhllltv of (liallll'lt'l' },hIlWU alw\'(' • 2~: • WilK l'P(l\ll'I·tl hy
:,t'II'I,tilW. purtlvulur pipt'fi from IIH' HlIllPlil'l' wit II a variution uf (lilly :HI.1 nun
ill rliunu-tor, 1'1'(11ll'i1l!1 t lih, \'iIl'iilbilil~' ttl O,2';,{, TIll' 1II'I'I,I'lI('(' of ovulltv was also
c'olll'litil'l'l'd. allli pip"s wit It (l\'alil~' of 0,1 uun 01' Ip::;li \\,1'1'(' dillSI'll.

'l'h« mil' 01' a P('I':-;PI'X IHIlt' was (·ow,iclt'll'll. 11l'1'all~I'of I lwit' M'ailahility ill ~\l't'atl'l

1I'II,'.lhl', hut IhI' nplil'Hlljllillity nl'jll'l';o,lll'X \\'H~ filmlll 10 l'.iw oxtromolv POOI'l't'IIt1,
i1w, uoar t hI' wall. 'I'his i" uuiinlv «hit' 10 P('l'~'}ll':,\\ hllSI'I'1l1 ibility I II SC'!'a1dlilll',:I,
B(lC'<lIl:'if' Ill' IIU' ahm'p dillil'p, 1,01111' IlH'llll;; ol' ill'!' ill'at pI,\' .ioillilll~ 11'111\1 hH Ill' glnsh
pipl' had til 1)(1«'ow.i«il'l'I,t1.

'Ill III1'il',IIII'III1'I1(>; tU),"llll',llll', [I"lllll'lll'\' !.IU[llIll: 1I1111tlll'r IIl'r"IIl'x I'I!',';, 1')(trc'lnl'l\' hl!;h dutu
rntv, /I'W vi-lnritv n·.lllill!'," WI'[I' ,,1.lill1l1',IIII'>lr till' wall It \\,,1" t'1l1l1l11that till' T.llV wal. ',illlpl\'
'!I',h!ill!\' tl ... ·,,.IIII'lI\, 11£till' ,,(tilt I hI"" With 1\101',"I\alh till' 1.1)\' llHW,nrtllll \'111.11111'ruukl h«
pw.iHIIIlI'" I" ,f ullv wuluu IllI' wall, wuh lin 1,11('11 I'r"h(c·IIl!I.
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Fihlll'(' ,1.!i: TIll' Khalil' IIf till' inlet routrnctiun,

t I) provkl« 11101'(' uuilonn ('lIluli I ions I hall muhion: to till' l->('('outlHtag(', III til!'
current ('iihi' Ih., mubiout t nul: 1'(JUdit iOIl!' \\'1'1'1' \,I'I'Y uniform. Moreover, it Will'

l'I'aHOIl('I\ that Ior Ilw.t!'llIl~· 1l00\s. a larw' as llllsHihlc' turn-down mtlo in n lih()l't
1(II1~\1h would allow till' IiJlat ial PI'('s~lIl'(' ~\I"lIlil'lltl' t () doiuiuat« t hI' Ilow HYH!l'Ill,
1hill' nllowim; l'OIulitiull1'l ill th(' illl!'! to l'l'maiu fairly Htl'lltiy.

TIll' inlot wa~ IIlilutlfa(·tllt't'tI by tlU'llitll\ a wooilon (iiI' oil It lath«, awl thou luuid
fillhihiug t hi~ iuould u-im; l'illlllitil', ~('i\1t'1' and t 111'11lut 1'1' wax polish to nl'hi('\'(' a
Wl'Y sinout h Illllln"',111111' sluip«, Till' iull·! was Ihen constructod ou Ihis lli(' IIsiug
Hbl'('AIIlHl:iwit h watorpruof ('IIIIX:">, rosiu as t III' biu<lhll~ ('011l1Hl\llIlI- t hi' <III'HIIl'fa('I'
Will' !iI'HI ('oal('d with n W<ltlll'IIl'O'lf 1\I'J.roal (fur a smooth Ilnlsh) 11I'1(Il'I' hWI'rH (If
WOWII 1i1l1'('j,.liI:-i1 mat \\'I'\,(' applil'll. FI.lWIi ill !hI' inner lilll'fll('(' of til\' ill!!'1 (llOU)(I
hnhhh'H W('I'I' Ionu«! mldl'I' IIII' ".I+l'tlllt 1 \\'1'1'1' lilll'd 1I1ilug untcmotivo hUII,v.

111Ht~·;! allli IIH' t'i1ll'1'aI'1' \\'il~' liuh.itl'lloll' wit h IiIH' 1\l'lUll' Willl'l'·pIlJl('l'. hlll'nh;hhl~I,
compouu.l nIH t t 111'11 poli~h, TIll' 1'1'1i1l1t ol I lit' allu\'(' }l1'(l('I'SS wm~ all ('XI l't'llI('I~'
}illloot It 1\1111uuilonu iulo: 1'01l11'l\('! iuu, TIll' llSI' of It lilt hI' tot urn thl' dil' (l'llt her
!hall I III' 11I!t·, l!in'I't lv) 11110\\'1'1\ 11I'! t 1'1' runt 1'01 of I hI' gl'lI('I'al I'Ur1'I\I'I' shup«, alit!
u hh~hquulitv Huish 011 t hI' (lil' wns !-<huph' III lI('hil'\'l'. h~' Sillout hilll~ II whll«
1110111111'11 ill tlu- lath!' rlnuk. l'ho ill}l'l iltl'OI')HlI'al(,l\ two diallll'tI'1'H of straight
pip(' S('(', lou aft 1'1' t lu- 1'1111or t hI' runt l'ill'l iug (,11Il!'· t () 1'!'IUO\'(' t hI' itll'vltahh' join
as fill' liS [lu~~ihh' 1'1'01111lu-WI,\, t hill houu.larv hlVI'I' nt 1hI' end (If this ('Ollfra('t iug

~()rull Iht· (')(III'II',II't· .IIII1'·XIIIII' W.LII'[JIHlllf liIl,'p, mul hllllllllll\ nr."UI!1 u ....tl ill tll(' (till'
'.lIlIl'llllllll£ 1111'lil'" Ihh 11I"XI'I'II·.iw ('"1111'"111111 J1fll\,"cl till' 1II(I!.1 ,tllhle' 111111m,l'rlll I\!i Illillhlll
aHtllll,
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(1!J.1.1), Llnhthill (lU1;'). (~()hbtl'ill (l!J;'1l. WhH('h('l\(1 d III (l!Jlil), Lihhey k
H('isH (1!)lil). to moutiou It {('W] , ,\lthollgh iuunv of (h('s(' lllPthu(\s result ill
(lilfl'l'('llt KilillH'd inlot {'()llll'a('t ions, it ii'i tllldl'aJ' whlch {it'sign iH llh:v~;jcally th('
most optlunuu, IIw! nuder what l'ill1~\('of rouditions romnlu« so,

III tho ('()llt('xt or 1£1I,~I(,(II(.'1 Ilow« of iutorvst llpl';'. 110 1'1('111'indicution iH uvuilahle
at all ilH to what d(';;il'.l1 is thl' llw"t ('01'1'!'('1. II()\\'('\'('1', allY w('11 dl'sil'.ll('d inlet
('olltl'lwtio1t 11I1'"t Pl'(){\ll('l' th(' followhu; I'm,('t:-; in till' inlot Ilow: it 1111114('IISU1'(I
111\ llu{lisIJJ_!j)~(l inlet volocitv profile of lll1iIl1l:m wlucity and with a WI',\' till!}
h011l11lary hwor. ('U1H'I'1'Ilillg tIll' 11IIst('IHliul';;S of I Ill' Ilow, till' uvohlruuv of H('P'
unulou tllH' 10 its dvnumi« 111111111',for iWital1('(' due to iustnntuuoous adVI'l'HI'
pn'SSII1'(> flradil'lltH within t ho runtractlou, iii all hnporrun; ('ollsitIPl'atioll.

'J'Il(' }>1'I''-:1'111!tll\\';; \\'1'1'1' ~iIlb.il'c,tl'tl to Htl'Ollg positiv« 1lI,(,1'1('ratioliK al all thlll'sl;
tll11o.; tIll' 1'1'''itl'irt iow, (,OII('l'l'lIiu!\ ~;l'paratioll WI'I'I' far IpMH important t hall would
))(. t)1(' ('mil' ill It Il<,('ph'ralill!~ How, \\'11(11'(' Ill'galiVl' tC'llIp(lm!jll'('SSItl'I' gmdiPllts
t1Ii~~ht OV('t'('IlI111' t]H, Jlo~if h'C' filial iall\mdil'llls wit hill tIl(' Inlet,

A11 It l'(':m!t of 1111' plotl.oru Ill' (lto~il\ll11t'(H'C'lhll'I'H, unrl tht' lad, of dadty ahol1t, tIll'
l'l'HIHlIlSI' of nu ill!!'! 111111'1'1Il1stl'(\(ly couditious, it wns I[('!'ich'rl til opt fol' a t\1'siV,1I
that Wl\H known to I11WI' h('('11 sllI'I'C'SSflllly usod for I'hl' gl'llpmli()u of l'()UU(I.illtH
ill fn'(' ail', hy Popitli ,l,..' 'li'mi:-l (W!ll). ThiH ('ollll'I\('t,jou (I(,Hi'~1lWIlH (ll't('l'mhll'd
using III!' Ionuula h~' \\'it()I"/'~'Il:-;ld (l!l:H), bmi('(l Oil u nnifonu l)l't'~Hlll'1' vuriatiuu
through thI' (·OlltrHI·t lou, TIll' Iunnnlu ilppli('( I was

l' :c U~{I (,[.1 )

IIc'I'(1 Iii i:4 11!(·!atW'1' nuliu« awl nJ till' H1IIIlU('l'. Tllc' fllc,tor II if! n rlmson umltlpl«
of lb ill this ('Ill'll' it \\'m; tukon as 1/ lIWJ. With Knitnhh' C'}wit'(1 of l(,l'lUH,
oquutlnu (,Ll) thou 1',i\'('K a variutlou of til(' 1'lulillS " with uxinl pcsltlou ,7. Till'
('(lIItl'llI't lou Hhapl' iN 1',i\'('11 ill Iiglll'cl .J.!j lor t lu' ('IIt'l'('lIt vallw/'1 of Ri, Ir2 awl II ,

Ail ('1111 Ill' 1,1'(,11 ill thl' Ii'lml'. 11lC' ('oull'a('lion wns Wl'y ahrupt (tho fir,Ul'I' b
11l'1'!<i(lufl'll in apIJ1'llxilllall'iy ('01'1'1'1'( a~Il(\('t nuio). 111 1\\('1 [1'0111 It porfonnnnr«
('ouNi(I!'l'aliClII. alH'lIpt \11':,:-;wn« i\clV;\ltlill\C'nlUi, hl'('il\lS(' th(1 spatiul 1)1'(1:-;:-1111'(1~\1'1l.
l\i1'1l1 iU('I'I'HSc'<i iI~ tlu' }I'IlI',lh (11' lulo: l'I'<II1('l'tl, and tlm» llns~ihl~' impl'O\'C'd 1)(1)'"
IiII'lll iIU('I', I1o\VI'\'('1' ('U;il' 01' lIlilllul'ad 11l'(' was abo It ('ollsll'nillt. anrl t hI' currout
snlut lou WIIS a rutuprmnis« Ill'lw(,I'H t hl':'1' I\\'o fll('tlll'N,

II waK ,1C'dd('I! to 11M!'II "iul\ll' ~Ian(' counuetlou !as ollpo:o;('dto tli(lltnal.l'ltaIW IIl1il
01' du Silva {l!l!lIl)j. 1!(,I'am:(' or thr- s~'IlIlIl('ll'~' ill tho tuuk olfC'l'illg unifonn mlluw
vutulitiou», OW' or til!' flllll'liollfi of Ihl' lil'hl ',ta!'.1' ill 1\ tW(H<ltaf',c' cuntruetlou is

j;l'hl' 1'~IH'rilUt'IIIi11It'''II1t~I hlul\\'('II,IIlIllIlIIll.!I". Ptl~i"ihl\' (lilt' tu fo('lmmlioIlILt hlllrl"1I11within
tluviuh-t. II Wil'l thollllh( 10 hi' [l'liltl'l! til 1I\'1'1!,hllllt of tlu- Ilowral(' \'.ulillillll III Ih(' ltnpulslvo
I,tart of tlu: lluw.
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Advantagos of tho d(~Hip;u

Tltl' lll'('!,stll'lsl'll ('Olll'!'pi Illlo\\'l'd all ('xtl'l'llIl'l~' ('llllljHU'! <I1sI'hmw' tauk tlml could
sllPply water at high I1I'I'SI'\I1I'!'. safl·l,\' tip (0 2 hal' (It WIIS titl' streugth (If tilt' ('st,
i'>('I,tloll that lilllitl'd thl' worldllA Pl'I'SS1II'!'), All 1'(lul\'all'lIt 1'1'1'(\ H1II'JiH'1' svstom
would ul'l'd nhmlt it :.!llllllll'itd to HI'hit'VI' thl' ,<·tUl<' 1'1'1'0\1111','I'll!' Ill'I'I'HIIl'(' wn« nut
lhnltrd bv I!H'l"itl'l'lll\th or tho iutornal air-wntt-r Illl!'l'fi\('('i ill fal'l tho ('oudit.i()llS
a('I'O~i'! Ih(' dlaplu'nglll always 1'1'lllltilll'(1 ronstunt, h('('lllIH!' Ihll ubsoluto prossuro
ill hot It ruvlt kH 1'Oi'l1'1'(1uullv, All hOllnh t hi' f01'l'l'H ou !Ill' piHtOIl WI'1'(, quito KI'V<'l'(',
thov wor« oufv statk, au.l ronuducd till' naUlt' rl'r~at'IIJI'i'lHof til(' HllJlJlly PL'(lS"\Ul'I',

TIU' S,\'Htt'lll was l'olupll't!'I,\' axisvnnuot rk-, !()11t(·polnt that wntrr was pumped
Into t 11(1 t 11111, ~~·11l111(1I1'h\]I~·. Tit!' Inul, Will' iuitially HlII'I\ thro\lgh It I)ip(' ill
IItt' Iront lil('!'. 11I'XI to I hI' {train. hut a la!'!'.l' ~\\'il'linA I'(M,\' waH indue-d which
p(lr~istl'(\ ill 1111' tank lur dUll'~' PlIlIlpin!', th« Ilnkl hade III> Ih(' t('st ('('(iOll
was illll'OlhH'l'<I I0 HIII'{'t'~"I'nIl~' ('liluiHal (' I his 1'11'1'1'1. It ,,1'(,llIH t hI' H,\'lIl1lll't!'i1'
clrrulatkm iwitu'l'd hv I hI' lutu-r PPPl'oi\('h (\l't'n~'I'(llJllI('h quicker. '1'111'1l1'O('I'c\IIl'I'
Ii II' 1'III'IIIt'I' olimluar ion or I hI' swirl <l1ll'illg 11'~lilll~ iH (IiSt'lIl' ,.<1 ill Hl'dioll o.a, To
fmtlll'l' 1'1'<1111'1'IIIP po-slhllftv of cill'lIlatioll all alumln' :11 honeycomb fi(·('tioll
(21) [{!t'pl It !:iO 111111wit It }() 111111widt It h()IlI'~'('Olllhl Wil~ phll'I·t! within 11)(' tuuk
hpfill'l' IhI' inlc·t,

11.2.2 Inlet contrurtion

Inlet rout rurt lou cll'"h',11 h iI 'blad, urt ': 1110~t 1'l'rl'l'I'IH'('~ to d('~i;ill )ll'O('('(itu'('s nr«
HilI \'('('1'111. ilud ill'c' ilill'>c'dOil hitnph' pon-ntiul flow tltI'Ol',\' [I'.r. Smith '\' 'Vall!,.
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tho mininnuu jll'l';;SIII'(, int 0 t lIP Will ('1' \\ ct. slight Iy higlu-r t hall t II(' ail' pressure,
mul kl'(lJlill~ tho diaplmunu taut. All inspvctiou hntrh (U) allowed a{'c'c'~~ to III\'
linkag« aut! ~Jl!'illgs ill t hI' ail' cavitv

AI' ,\'('11 us IIH' !ll'('~HlIl'<' <iiJl(·t'l'Iltial pro hlp III (1(lt"l'l'illl'(1 nbovo till' Pl'('H{'lH'(' of
IhI' water-nir int I'rfat,(, wit hill til!' lnvagiuat (1(1 portion of t hp diaphragm (10)
produced a st roru; 111\IJ~'i\lH'~' ('If('('1, Iorcina t h(' piston upward. To avoid puttiun
tIlHIIIC' strain 011 tIl!' liulmgl'. larAl' 1<'iul weights (11) W<'1'1' !llm'p(1 inside t lie piston.
'I'hoir 1II11SHwas t"1'1<'('(c'd to c'oIlU(C'1' till' maxiuuuu h11oyau('y Ib1'(,('; tho fo1'('('
was It miniuuun when tlH' piston WaH l'('lral'l('(1 (aH shown ill tho figlll'C'). ami
a maxinnuu when Iullv forward. Ilowevor I hI' Ilexihili 1;V of til<' llnkago Will'

at a mininnun iu t ho retrurtod position. t h,'s til<' piston was weighted to 1)('
llpPl'oxillllltpb' neutrallv buoyant in Ill<' f11I1,\'c'xtc'IHil'cl posltiou (not ;;IIOW11).

AC'C'C'"H 10 th« water c'm itv waH througi; til(' Iront fIU'(1 of tho tank (12), This 1'ac'(I
waH s(l('lIr(lly holted tu III!' tuuk, nnd through its ('(11111'(' it larA!' iurot coutractlun
(la) c'ollsll'ic'tl'd thl' flow into tIll' (('!'il s(\{'lioll, TIll' tost section utturhed to tho
(,lid of IIII' contrnrt inn hya llallg(I,ljo'u (11), which was ('IU'('f1!llymatched to tho
dowustromu pill t'l" , 'I'll!' IlptailH (If tIll' 111111(',1'M~igll nro CliH('IIHHl'dill conjunrtiou
with fh(l t(lst-H!·{'tioll holow.

'I'll!' ail' c'Ollllla1'tllH'lll ('oulcllH' 1l1'l's"lIl'iH!'11 vin litp l'1('('t1'ic'all,\' actuated solenoid
VaIV(lH [AS(,O model ~:!l{)- :~Inch hun'] (15) and (Hi), while tho nil' 1>1'(11'1'\11'('

was roughfv mniutulned h~' It Pl'(,SH\ll'1' l'pg1l1atol' (1 i) [Norgren Olympiun, 2 lnch
supply pijH's!, Tho ~'Ilpply pipo dimneter 10 lIlt' l'('Alllatol' and valves WUH }ru'r;(' (2
inches), ill Or(IN' to allow uuhiudenxl supply of larg<' volumes of nil'. Flue control
of t II<' ail' pressure wa« hy mouus I)f n small 1>1'pH.'III1'('blood aolonoid [AS(,O ~
iurh] (IH) which rnul.l b« tluottlod to allow slow psmp(' of nil', High Pl'C'HH\ll'('
(~ U to H hill') ail' WIlS HIIPI)Ii(l(1 to tho 1'1'I\ulntol', VnlwH (Hi) tuul (lU) wore
C'OlUH'c'tc'(1pl('('tl'i<'ally so I hal only ono of IhI' two W(I1'(,0IlI'UIl( a timo. Thn« nil'
Will' (1j t 11<'1'ndini ItI"! from VHI\'(\ (Hi) to Iho lauk, or nil' Iroui til!' tnuk could Ill'
l'!'l('i\~l'd lIsiuf.', valve (1;'). Both valves (I5) HllCl(U) could he throttkxl by menus
of manual gat(· vnlvos ill 1'('1'i<,~ with thom: tlms till' mit' (If tank Iilling awl
(liHC'luU'p,<, rou Ic I I)!' 1'l'1.\\llatl'lllllllllllall~·, Ali throo solonokl valves wore eoutrcllcd
Iunn tilt' rontrnl rotuputor.

Walt't' was hoth clhwhal'A!'(1 uud a(llllif(I'(1 10 thl' (auk through the hell-mouth
coutmct iou - t h« lnul: WIIS 1'('('hmW'li luu-le lip t hl'otll~h Ih(' IPHI H('('tioll. Ail'
I'unltl IH' bled Iroiu f Ill' Iauk Irmn a hlrvd pipI' (lU). IIlH! it ('ould 1)(1ch'llilll'd
('olll}llc,tl'ly Ihl'OlIgh th!' dmin (~O), ;\ rhoostut alllwlll'd to till' Ii:dmg<' and It
wat or 11'\'1'1 sonsur (nut shown) IllC'ilslII'('d till' pistun positinu and Ill!' j))'I'Sl'lI!'(1 of
any wnu-r ll'al:nl'.l· into tlu: ail' C'OlIlPi\I'IIlH'lIt t'pspl'c,tivc'I,v. A pllotogmph of till'
tank iH t"IIOWIl ill fil\\U'I' .I.!. 'l'ho upproximut« !'itparit~· of thiH unit wn« [JOO I.
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4.2.1 Header tank

'flit' Iuuctlou of this ('OI11POl\(,llt was to hold II quantity of fluid, and to supply
it Oil demand to till' (lsI S(1{'tioll, A <[(·tail('d cross-sectlonal viow of tilt' unit is
glvon ill Iiguro ,1.a,

(2)

(7L

".
"',~~(4)

Fi~lll'(I ,La: A C'l'Oss·H!'('tiollnl view of Ih« supply tank,

OU(1 of till' most huportnut ('ol\sicl<'mtiouH ill tho t\('si!IU of tho t('st rig was the
roquirement of a::dHYllllll('t'l'~" Tho Ilows measured by do, Silva (l!)!)O) showed
some lack of 'lYllllllC'try, and this was thmlght I() ),(1 duo to tho lark of HYllllU(1II'Y
ill tho header .auk II!' mil·(l (it was 0. vertical tnuk with It f1'(1('surfaco), Another
lllajOl' requiromeut was tho need to nmiutnln It largo head of watvr ill Iho limit,
ill onlor to ~\('ll(lmtc' thc' lnl'gp H(\Y1Hllds numbor Ilowa 11('(1(1('(\fell' til(> nxporhnon-
t utiou, '!'hC'H(I two l'('ql1ir(llll('lItH dictatrt\ It rather unusual design for t.ll(1 tank,
which iii (l<\s<'l'ill('<11H'luw, H('f(\l'('IH'(' h; 11111<1('to Ilguro ,1.3 in this dosrrlption,

Tho tank wns ('ss(llltially it h\l'I~l' sYIllIll('tl'ic'al pip(\ (1), with (lilllllPt<'l' (iOO Illlll and
longth 1..l11l. coaxlul to tIll' tost H('('liOIl, Within tIl(' tnnk I~ wntor rompurtmont
(2) and nit' cluuuhor (a) W(,1'!' H(lparal!'(l hy It 11l1'gC' diaphragm (.1) supported
hy It dr.i(1 plstun (Ii), Tho (liaphl'Hglll \\'IlH iuado of II wal(1!'jil'Oof knittod vinyl
nmtl'l'ial, ic\('llti<'al to that lIs('cl ill th!' munulurtuto nf lullntnhl« (liughie's; thus
it could fold bllt waH not <'lastk, Th(1 piston was support('(1 ou 1\ 'sC'iss()l's·liliP'
lll('clllmhull «(i). which ('(ll\straitll'cl it to IIHl\'(' l)ll('kwlll'<IK IlIl(1 1'01'WII1'<\11onlv, 'I'ho
pi, +ou WIn; not (Iri\'('11 h~' t lIiH liukuno, hut IIH'l'('b' SIIJlJlOl't('(1. The j()ills ill Ihis
liukag« hu-orporared li!'all'cll'oll('l'·\lt'adllf\l'I. to 1'('(111<'('Irktiou to a tululunuu.

Cnvitv (2) was 1'1111of water, while (:1) was ulr-Iilkxl. TIll' hyd1'Clhtfllic' ~~l'll(li('ut
down Ih!' front fa!'1' (i) of t h!' piston 1'1'1i1l11(·diu thl' j)I'(,SSIU'I' nt th« top of tho
wntor ruvitv hc'illl~ 1I1ll1'l110\\'1'1't linn Ih» ("ousl alii) prc'sSIlI'(' ill til(' nil' tank. As
it rosult, 1111'1'('wus u tI'Il!I('u('y [or I Ill' rlinphragm to rollupso downward into titP
wutvr cnvltv (hllliug I Ill' pi:" ou, To rnuutornr-t 1hi», stl'OIl~ HllriUgS (H) wor«
lulch·,J 10 I Ill' :;d~KOl'll liul\1\l\l'. to oll'llI't Iltp hvdrostutle ('11'{'('t, thus ('llHltl'inr; (',hnt



CIIAPTBH ,1. EXPEHI!I1ENTJlL SYSTEM

4.1.3 Acquisition I~ control components

TIIP rig dp!'(cl'il)('d ill :-;O('tlOlI ,1.1.1 ahove coutniued "1<'I11(111ts, such as valves,
solouokls nud pumps, t lu- rout rol of which was t 11<'('OUI'( I'll of a central computer,
Further to this various data had to 1)(' ucquln-d froui till' apparatus. both HS

measuromouts (for illst atH'1' Ill!' LDV d,l( a was snell all «lomout) and for tho
1111tpOS('S of control (Ilowinotor data), 'I'll!' ,'psi>ollsihility (if both acquisition and
('llIlITOI \\'1U, vested in it singh' ('OIllPHt!'I' :-;Y1't('II1. which is shown s('h(lUl!\tkall~'
ill Ilguro 4,2,

Th« comhiuntloa of till' acqulsitlou and control was hl'('aus(' SOUl(' 1'11'1I1('1I1s of
till' rig gl'u('ratl'(l (lata 1II'('I'SSal'~' for both Pl'()('('SS(lS, For instnnro tIl<' f10WIlll'tI'1'

data was required h~' t ho Ilow control systt-m. and as It lllNtS1Il'1'IlH'1It. Mor«
importantly. nutomatiou of tho ('util'(I tl'stillg proroduro wns dosirnbl« for till'
Halcl' of repeat ahility III order to ,whiC'\'(' t his, contrallsntion of hoth urquisition
nud control W.IS 1lC'('('HSilI'Y,'1'1.1' crunhinutiou of all ('11'11IPllts into a slngl« syslNIl
allowed gl'C'al g('lI(·ralit~· ill rnutrol of t he oxporlmentuf.ion which is not lHlHKihlp
WllNI usiul'; H('IHll'.tt(· awl iuJlC'}::h!c' j\('qllisilioll and control :-;yst('lllH,

While it was tho main cmnputors task 10 cuutrol all olemonts ol'tll(ll'ir~, tho Iuuc-
tiou of ronl-time nrquislriou of the LDV data H~i('lt wns d(,l<·wttrd to two smallor
computers, eurh UI1(1<'1' diroet control of tho main unlt via I~ network constructod
Hp('C'ifirnlly for tho tusk. Two of liJ('s(' ncqulsitlou computers \\'\'1'1' required for
t he current systom, one 1)('1'LDV ehanuol, St'paratC' systNlls W(,1'(,USNI to allow
high data l\(''llli~;jtioll ratos, but 11101'(' hnportuntly to uvokl Iavourlug 1\11 nrqui-
-ltlou chuunol, A dlsrussiou Oil this hiasillg I'lf('('t wns eontniuod ill chnptor a, ill
H('('tiou 3,2,0, TIll' main ('OlllIlUII'I' 1'1\11It dt'clkat('d software program, concerned
with all tho uhovo aHI)('('I:-; of iucusuromont and control, B('t'llIIH(' of 1'.\1(' p;NH'rnl
roquiromouts of Ill!' ('Xj)I'l'illlt'utlltinll - till' r;!'ll('mtiou (If lil'bitl'lLl'Y IlC'('t'l\'l'ntilll~
Ilows - tho IIS('I' JUIN'fm'1' hall to IH' Iloxlhl«, To adli('VC' this, a eouuunnd-liu«
('outl'oIlllldmI'.P was t1l'v('lu}l('(l. ulili:-;iug a lIHH'I'O conunuud lnugungo, and allow-
ing ('as~' modllirnt ion of all I II<'rig punuuerors d urlng oxorution. wit hout }mviu!~
10 resort to nltorntiou of so urro {'(HII',

'I'his ovt-rviow i~ bv it~ nut uro, hrlef, It iutrudun«] til!' r,('ul'l'!Ll 1'1C'llH'lltH of tho
oxporhuoutul uppnrntus, which nre d('s('riI)('(l ill full <ll'tail ill the S('('tiOIlH that
follow,

4.2 Rig sub-system

This unit ('ulllpl'i:-;pd t hI' rouipouont ~ t hal cout aitll'cl and Jlll~'skally runt rolled t ho
flow: Ill<' Pl'PS1'Hll'isC'd hp;"ll'l t auk, pip« t('~t·sPl'ti()ll, valve network, rntrlunont
• :\111,:. jl III upi 111\. llow uu-asurvtueut aut! Ilt'('!'is!U'P nrcehnuisnus, Theso ('lc'lIll'llts
nl'1' li:.;t(·(l uud (lC's('ril)('(1 ill dptllil below
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Figuro ,1.2: J\ sr-honuuk- view of till' npparat 1\:-;, showing tho various ~:\lh'SYHt(,lllS:

(1\), flow rig HU1>'S;','stl'lU: (1)), ncquisitiou <,. ronrrol sub-system: ('), monsuromon!
sub-system,

1)(111('11wn« roquired with till' ahility to l\('('1\l'atdy posltlou til(' LDV ill thl'('1'
orthogonal Hpat lal tlh'p(,tiolls. Thl' ('ut lro laser veloclmotor had to 1)(' movo.l, 1\

nnss of approxhnutelv 1~O kg; thus thoro wa:; tho daunting task of posltiouiug
It largo mass ncru-at ,'Iy III 1111'(1(1dimensional spnco.

All ('XiHtillg horlzoutal trawl'Hillg tnblo [origlnully u textile cutting bench) was
moditlod to allow uutomntrd vortk-nl movement, This bench already POS.';(ISSP<i

stopper-motor control ill tht' horizontal plano, and was used hy cia Silva (WOO) ill
his mensuromonts of illlJllllsiwl,v Htal'tpli Ilows, Arcurnt« position moasnmnout
d(lviec·s wore nttlldl{'d to all thr('(' IlXI'S of this bench ill order to ucquir« thrco
dlmensicnnl podtlou datu, 'I'ho J'NIIlltinp; svstou: coukl position th(1 LDV undor
computer control anvwhor« within th« Ilow syst(lll\, Tho fi~lIl'l' -1.2 ~l!lOWH tho
1llI'UH\Il'1'1lH'Ut ccmpcnouts of tho I'YHIl'lll Hdl!'lllutknlly,

III ndditlon 1o Ihe !lu'I\(' dl'vkl' <ipsl'l'ilwd allow, !\ siunll portablo laser volochuo-
tor was nvailahl«, in order to acquire datu lrom POl'tiOUH of tho How outsldo the'
range of IIll' Inrg(1 trnvorslug Iw(1. This unit which was uttarhed to the mniu unit
hy menu« of It Iilir« optic link, was light (:::::5 kg) uiul thus eoukl hI' positioned
1'1'I'(,ly ill ol'lll'l' tn uuusuro tho flow variatiou anvwhor« in tho rig, '.I,'hiHsmall
unit iH showr, ill tIl(' SdWllHttk ill liglll'l' ,1.:.!, It lind a uno rllmensionul iuuuunl
tl'lWl'l'silll!, llll'l'haubul,

Apnrt f1'0111till' LDV and its Il'm'l'rsiug equipmont, various other llll'aSlll'("llll'ut
dl'Vie('H \\'('1'1' Jl()~iliOlH'd Oil tIll' rig: all !'1!'('tl'Olungn('tk IIowiuotor was mouutod
ill tIl(' IIow , It Iomporutun- probe was !>()siti(lIH'd ill till' rutrluuont t"HI" I\I\(\
It !>1'!'!'Slll'l' tr.msdueer iuouitorod the lli:<.lml'r.;(· tuuk Pl'{,SSIlII', While' Ilowmo-
1('1' (lata cuukl Ill' urquin«! (tnl'illl( t('~tj 11\. till' other tWI) l'«'llHOl'S \\'1'1'(' mninlv
l'l'lI11it'(,11 lor I'i!( cout rol, a 1I(I nrv t IIll!' renllv pal'l oi' t he urquisit ion snh·s~'Ht om.
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t hpl'l'aft('l' till' hnrrlwar« ('oll!i'~lIrat ion l cmupu t!'1'S and ot 11('1'rontrol oquipmcnt)
is giV<'Il, Tit!' {'ollt rollinu "oftwiln' is prt':;!'llt('(\ ill rhuptvr :;

Tho ..yst om was pri 'lHlri t~' (h·~jgtH'(1 I () l'!,plan. I Ill' Ilvwlo! t -Purknnl !lH:W·ha:1(·(1
urquisltiou s,,':-;1('1I1 which ('xist!',1 at tho unlvorsitv [s!'!' (la Silva (l!l()()lJ, This
lllal'lt;u(' rail all illt!'l')ll'!'tl'd bi,~k 0IH'rating :-;:,>'~ll'lU.and allowed It siug!p LV\,
chnuuol to IH' polh-d at uhout lOll Ilz. and alstl IH'l'llliltl't\ sl'v('ralliul'H of (liAifal
connuuuirut ion. B{'( all~(' of t lu- iut 1'1'jl1'I'tal ivr- nature (If tlu' tlIH'ratiug SYHt{'ltl it
was lnrredihlv siuipl« to Us!' lin' hasi<' i\('(lllh;itioll tpl'ogl'tllllS (,Dnltl IH' mod-,' tl
'Oil til!' flv') hut wn« "Pt',V slow ami lnlloxihl«, and thus UIISUit('tl tu th(' hir,h
penonu.uu« u.ult iplo routrol Hat 111'(' of t I~I't'lIll'l'llt ri~~,

II was tl('('it\('(\ t () lit ilbp l\lt· m:-'I P(' ('Ollll)ilt ihlt' llil;:l'(l illfrast 1'\1('1111'(', hnsirullv
11l'l'allsl' of its illI'XI)('llsiVl'll(''':''. with'S]ll'!'iI(llIl,Ul'P. nud vxtrem« Iloxihillty. t lnlik«
I Itt' lIP S,\'~,I('Ill ahuvo, I hI' m:-'I hm,('(\ ~':,>'~;I('IllS ullowod i11t'Ol'pol';tl lon of haul-
WHI'I' components (a<'(l'li:-.itillll rants. 1'1(',) Innu diwl'Mt' I'i011l't'('fl, Furthonuore
t hI' 1I101'i1advanced )ll'ogl',lI11lllilll·. lillll\lIill'I!'~ \\\.)'(, availuhk' lor thr ..~(,murhhu M, It
Will' (!t'dd!'(\ 10 reiuaiu with 111l' illkl'O~on ilIS,J)()S Opt'I'alillr; H~'Ht('1UIor tltl'l\('
muchinex, Till' ilIit'l'u;.()ft \\'!ut\o\\'s \'a.o oIH'ratillg sy,;lt'lll wn« avallubl« at rum-
mouvoiueut of I Ill' PWjl.tI, lmt hul l, Iht' )'III'I"W.I' and ,It'Higll toolH fot' t ltiH HYHt('1lI
.' t'1'1' ..~;11not Iullv t1l'wioJlI'(1. 'l'he 10'" ,!t'wllHIWt'l' of 1)( iH also nllowod lllUl'('

Ilh'('('t routrol of tho luurlwar« ('tlllIIIUllt'llls t h.ui dkl WilH\OWH. TIlt' snftwar«
tl('si~l1 }lhiluHopll,\' b plt':->t'ull'(1 ill Ht't'I iou :;,1.

'1'h(' lIasi<' lit 1'Ilt'11Il'!' of t hI' lumlwaro wa~ tlbl'lIs:;1'11 ill 111(1ovorvlow, A more
Ilptnil('d i'dU'llWI k of t h., lnvuru b shown ill lil~lll'(' ·1.1ii,

Figl1l'<' ,1.1,,\: Tit!' lnvuut If ilu- dal II ucqulsitlou huul "art'.

Tht'('C'llh'i,1 l'OIl1ll1ltl'l' WWi tht' ('Ol'lH'I'"tOllt' of th(' s,\'sll'lIl. It runtrolled a ,1ll,llI'r
of l.llh:'~'htl'lll'" hoI It exu-rual .IIU\ inn-ruul, whit-It an' til';.t'l'illl'(\lll'juw:



CII.1PTIW ,1. BXl'EHIMEN1:U, ,l..,'Y8TR\J

n d in travel ill I Ill' tlin'l'lioli axial III tIll' pipl' aut! it 1..t 1lI1"lllAI' horizontally at
right augl('1i lot It!' pip!' uxis.

Both horixontul ro-ordiuau'» \\'1'1'1' 1l!:\'I'11 hv \L\E IIY200 "tI'PIH'l'-1llotOl'H. run-
11'0111'11bv l>igiphlll {'DaO 11101('1'driv« 1II1it~. TIll' intorfurt- lH't\\'(,1'1I till' Hlppp('l'

driver awl tIll' computer WH~ h~' it Hso:.!a~(· HI riul mhl<' liuk, Tho lionrh ulfl'l'('(1
ItO vorticnl rnovomour. I'll it \'l'l'tka' truversul meelumisru hall to 1)(>t1('sigul'(I, ,\
f01'k·Uft t~'l)('<In'<tllg!'lIll'ut WilH Ih'('itlt'll upon. Tin' LnV 11!11l('h was supported
on a erudlo, wnlch ruuh] 111()\'I' \'1'1'1irullv 011 twn II\:() LWAlli lilll'<ll' 1H'ari llf',tl ,

This 111011111hilI H1Talll',!'III!'ut nlluwrrl lor au ('xtrl'llu>l.v rigid dl'Hil~ Tho \'('l'ti·
('(II tl'aWI'SillJ', HI1'ItI'Ill1'I' h. shown ill liglll(' 1.1,1. IIl1d allowerl II.! I III of vertical
movvinvnt ill tot at

Fkllll' ,1.1,1: Tit!' I.1)\' nil! I Il'ilVI'l'HiuI\ 111'11!'11, :,hIlWilll'. t hi' WI'I Ieul tl'l\\'('l'}'Oill(1
a!'i~l'lllhb"

A ,,',u'lI(1I',};)!'('ll'k Eh'rll'iu' 1110 liuour ;)I"'lItIOl' wu- llwtlllll'ab" uud lowor till'
!'it'. \'I>I'tk,lll~', 'l'hb. wm; it H'i.lc'd uult, itw1ll'lllll'Hlilll' a [)( "iuorur, [',I'arhol{ aud ro-
l'in'1I1.tlill!\ ball wonn rlriv«, 'I'hi« 111'\'il'I' \\'a'. !l1l\\'!'1 hlll'IlIl11I',h til rni:il' t h(, I'Hlin'
1wudl Vl'l'lit'.dl\' with uu 1'lllll1tl'I'IHllalll'iIlI\, .\~, Hali'l~' Ihltlll'I'N it ill('Ill'IlOl'atl'll
liuilt M\\'itdu':, mul il Il'it'lillll -lnrrh.

·1.·1 'flw aoqulsltfou & control hardwaro

TIll' Olt'qllhitioll .uul runtrnl :'\':ill'lll Wit:, 1'lhlll'l'i',1'11 of 111<'muin ('01111111'1'1\ 1111'
tw« 1.))\' HI qllhdtillll ('111111'1111'1:•• aHtIIl'iatl,tl h.uxlwar« !IlII1POIIl'IIi:i, ('!lull'lll WiI,'

hllph'lI1t'llll'll hv 1111';111:, III it :,"It\\'illt' pnll',l'iIlIlH 1111 tIlt' mail) hl<\l'hitll' Itllil LDV
""'lIli;,iti!.11 huxv». [II t hi« :,I'I'liulI lilt' 1\1'111'1.11 Jlhil()",(,ph~' III dl'nl',11 hi I!iHI'II'i,wll;



'1'11(1l'('l'piviug oplirs WPl'P far ~illlph'I' than for tllP lal'gt'l' unit. The uuit workrd
ill till' hadNirattPl' 1111)(\1'.awl Ihll" titP l'P('!'i\'iug components W(,1'(' combined
with till' trnnsmlttinn oJltil'~, No fjl'l(l·stop \\'ill'! incorporatnl. Thi« wns 111'1'/lIIS('

the rornpurt nutun- of thl' lu-ums from Ihl' Iihro-upth unit. l'ulIlhhwtl with till'
lueorpuratiou oi'thl' optirul hox, liSP of !\Ia~~,pip!'s uiul tit:' w'ul'l'al dl'illlliul'SH (If
t ho rip,. l'1',.;nltl'll ill uo 1101 it'Pilhll' I1H1'1' nll' t hI' pipp walls", 'l'h« bm:k cumpouvnts
of t IH' l'l'('I'i\'illg assl'lIlhb' \\'1'1'1':

TSI f).10 Phorodotoctor mount, .\ liillgh' elmunel mouut was 1Isl'<Itn din'I'1
tlu- returned light :'1 IhI' llhoj'o(ll't(,l,tOl'. 'I'his unit lnrorpomtvrl i~ lilt'llsiug 1<'11:;
10 allow tIl!' f!·lll'l,t(·(llil',ht to 1)(1 uuule Jll'opl'rh' ineklent with Ih(l photo<l"II'I'tOl'
phi-hole

TSI OWO Photorlotoctor, 'l'h« RI'I'I!lI!lphotocll'l('('IIll' [mill tho lal'gl rig waH
uunmt«! Oil t lu- phot (llll'tl'('tOI' iuouur.

TIll' siuull unlt did nut itll'orpllmll' ,I f1'(I(IIH'lll'~' shift unit: hnwevor ,II(' llUl' 11\1'1'1'
houm had ilh't';llly bl'l'lI 1'1'I'111111111'YI'hi!tI'(1 Oil till' maln unit, lwfol'1' i)('ill'~ dil'l'l'Il'll
110W1I t ho uplir Ilhr«. 'l'his IIlt'alll ihal fl't'<!Il(llH',V Hhiftiul~ bohavlour was OL\'ailab)t1
Oil tlli!' small uult with llll hlt'I'l'il:W hi hulk, BI'(',msl' of the r-iuot« positioll Ill'

til(' fl'(lqlll'lI(,~' ~.hift cuntrul hox (on 1111'iuuin Ullin, a 1()1l~si,~u!u t'ahll' (r.:; (j in)
luul to 1)(1routed Irum till' 1'('lIlutl' l)h()to(It'tI'('~()l', to III(' fn'11II(IIII'Y shift 11m:
fill' down-iuixim; It was II'al'('11 thai "(llIH' reduction ill ~li~~lIal quality would lH'
lnt I'OlhU'I'll 11)' Ihi:-; I'xtm It'll!"t 11 of ('1\1111',hilt uouo wa~ untieonhlo. III nu-t, as
1IlI'utiOlIl't1, th« unit 111'0(1111'1'11rotuurknhlv goo(1 siglin!', IIC'!;pitl' IIII' (llltimllihl'l'
link mul l(lll~~Si[\llal l'l\hlt'~i,

TIll' hil~h(lllality (If.~igllilb \\'W' patti,\' il~I'l'i1li\hh'to I Ill' opticnl llnk. Theal'('IIl'I~tt'
fO('II;;i\lI'. 1Il'l'0I1I1\1'1Il1'1I1oi'l Ill' libl'l' opt k unit !l:W:i ullowod fur 1111oxtrenielv sinull
luuun (liallll'tl'l to hl' JlI'IHhll'l'll, of till' on"'l' of 0,1 nun. With till' bomu (IXllalHl(ll"

I IH' IIH'i\SlIl'iul'. volmno whit It wns i1Plllmdlllil!tlh' O,OU 111111aiul io< II'1lgth ollly
0,1'1 !lI1l1. 'I'lu: :'1110111 h!'illll (liatH!'!!'!' awl tl1\' gout! tlbtrilllllioll of lil',ht within
I'ar\t hvaru nllnworl lor il Iti!\h·lll'('('h,ioll 1I11'1I1;lll'iu!\ volume HIIlI t hus I'XI'(%'llt

:;igllalf'>, Of ('OmH!' thl'ljllalil~' .uul t'}l'llulilll'I'11 of t ho optiml path !lilll'(} this,

,1.3.3 Laser posltloninp;

Alt hOIlI',1t t hI' !al.t'l' t l'il\'I'II,hl!', hl'lll'h wa nut htl'kl b pill't of t hI' I.nV lIl('a~IIl'illl\
ii~'f;1 oiu. iI', lum I ion \\';1" I I) pw,it iou thI' 1;11'1\1' 1.1)\', mul 111m;iln dt'~;('l'iJlIiOIl ill

iul'll\t!t,(1 1t1'1'I',Thl'l"'IIl'h Wa' •• L 1.11'1',1' ,\I'hlolllal I{'xIiiI' ('Itltiag 1)(>ll1'h, 11I'(l\'idilll~

"Th« "!!"IlUH"'lhll'ol' IS:\lll 1.. lh, II,\'I ',11 hll',l1 II!.II Ihl' 'ItIIl,I' in IIII' hun.t t.il\11i11('(mltl till!
lu: 1I",III\'t'.1 1111 tht, 1I"III1"',tlllll' ,1111111' '"II1't' ',(,lit' ,,! ,1'1 I' tlu "11',1I1111hl'lr, \\'ilh '.\Ill! 1'11',111
'il\llllh. tht' 1I11",I'III't' "I tht· h"hh,(II!,IIlI'I!'I" :t',."I' ,1111 .\t,,(.ltiatillll "r P,i",llill :,lre'III',th, utul
11m', .u ru.rllv .I, ,ft .1'" <I tht· S~H
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Fignrt' ,1.1:1: A :;dwlllatit' lliap,I'illIl of the l'l'lIlutl' lasl'1' hond, slwwilll~ till' nxli-
l'('c'tioll of t \1(' verttrul \l('atlls Innu IIll' main uult,

TSI 9263 optlcnl Ilbro unit. This unit. tit'scl'illl'{l above, ronvortod a pail'
of light lH'lUlIS h om wit hill till' Iihro-opt ito ('abh's tu fl'l'p-nir lnsor lWl\lllS, 'I'll!'
unit had filII' a,.ijU>'tIlH'1l1 :-;('I'(I\\'S lor hemu diroction aud eolllmatiou, t 111l~1t ht'l't'
Wi\-' III) uPI'll lhl' stl'l'riul\ }ll'iSIIlK 01' a collhuator in t hll small nnlt,

TSI 032 opti<'H bench, 'I'hls wa~ It slll:.ll ouo-dhuenuiounl Il'lWI't'r;illg houch,
with I~ tntul pitch of ahout !j() 111111.TIlt' tl'IWt'I'silll~ unvhunbuu wus 111\1111 1\11·
jnMilhlt, hy IlWllllS (If a small knob ilt tadll'l\ to I~ Ihn';1I1pc! rorl, Th(' uult luul
udjusrulilo {itt'! awl 11 staudurd TSI 1l1111l11lhl!\ l'nd, fm til(' uptlcnl couipououts.

'rSI 911a·!) bourn HPll('(Il'. 'l'his ('mIlJHllll'llt 11l'UIII\ht tlil' !H'alll}l dON!'I' to·
1\1'!ht'l' prillI' 10 ! Ill' houm vxpmulor.

'l'SI 9188 honm (\XIHmt!N'. Till' fllllt'tiull of thh rompouent was, 111' with tilt'
lal'!\t'l' unit !IlS!1 Oil thl' muiu Ll>\", III n·t!Urt' 11(111\l1rlianu-u-r at till' lllt'ilSlll'illl~
vnluuu- ill thi:, l'iI~I'i1~'it tlll'lll't'tit-'ll Iurtor 01 2.2i. Ihll~ Ilmi!.ihly ill('l'(lllfiilll~ IllI'
~ii'\lHllolll Huh,!' uu ill ahunt !i lilllp,i,

'I'SI Ill'i'A lons, 'I'his h'u:" hall i\ lbl'ill IliHtaJH'I' ()f 121.2 Illlil with a lu-mn
:;)liu'ill!\ of ~1.,1 nun. l'I'~lIlt iug ill II fl'l""itir hill1~alll'.lc' ul' ii.!).!ii". Bt'c'am:l' of it::
\,(,1',\' ~.hlll'l IIlt'al 1\i:,laul'l'. Ihl' 1'1II'I"\I't' Hllltl alll\lt· 11\'('1' whlch ,;I'a1l1'1'I'cl light
wn~ 1\i\tht'l'l'll \\w' ill" ~illlll' a~ 1111't!tl' hin lao..I'I'with itH lar!'.(' (linult'll'l' Ipw"
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also aI1O\\'('11 opt iunuu ('oll(l('lioll of ~('att('l'(I(l li!-\ht. tl1111' (l1l1'1ll'i11!-\ a (~(I(1d

"igual·llI·llOis(> rat iu, The unit I\aw a t heoroticul i11('r(,1I1'(' ill t lIP Si~I111I-
to-nuis« rut io of :in all! I a I!r'('n'll;;I' of IIl('a~llrillA \,0111111<' diumett-r of a,j1i.
[TSl !l1IlO·j I.D\' manual (l!lS;)I.

(iv) Tho ,[,SI !l10!)·,1:i(J front I<'lls with a i'()(''11 1<'lIgt.h of ,1~() 111111was 111'(1(1.
!\ivilll!, a 1'1'('(1 ail' lusun half·alW,!f' of ,l.!ll1".

l.ight fWl11 I Jj(I lasi-r i>ahSI'II t hl'0111'.1l a prism whit-II split tin' beam into it~1 rom-
1)(1111'111fr(l(IIH'll1'il's, 'l'lu- IWII ~lrullf·.I'sl liaht ''r!·<i\l(·nl'i(';i· 1~1'1'1'1Iat 51,1.li lllll and
hltt!' at ,1~S nm- \\'1'1'1' llin'('It'11 h~' IlIil'l'OI'1' down Ihl' trnusuiittlug opticnl barrel.
Eadl h(,1I1I1 was t lu-n "'plil luto IWI I'qnall'itr('llr,t h rompouent«, one pair in I h('
horlzout ul plano and t hI' 01111'1' in till' vert ieal. Each pail' t 11<'11JlIlS!iI'!1 thro11gh a
Ihwm (,(,11,awl Oil throlll\1t t11<, iiH'\I:;hIA optk~l, Iiunllv h';willl~ tIl(' front 1(Ilis to
focus at It poillt ill 1111'Ilow.

Light 1'1'1i'act 1'1\ Innn I,art idl'h 1'1'11\1'11('11 .:lolIg I h(1 sanll' pat It ali t 11(' trausmit tl'll
11(11t1ll1'. This light was IIII'll Ih('IINI'«I tlll'<l1Igh tit· 1i1'}1\.st()l> aportur« (tho trails-
mitt 1'(11H'i\llls pas. ...(I(1oil IhI' shll's of this unit), to olimiuate light Irum outsldo of
(1)(' routrul \'0111111(1. It thou was 1'(111(1('1('<110 th« ~hl(l br all allgl('d mirror, whor»
it wa» fe)l'usNI onto lilt' pltolo.(I(lI(I(·tol's. Light was split 1)('lw(I('11 tho (i<'j:(I(·tOl'S
hy It H(,1I11·hilwl'('111Uil'l'Ol'. Endt <\(It(l('tOl' WilS 11l'('('I'<lNI h,\' It !UIlTOW band Illtor,
(ladl Illtor to olhuluut« lif'.ht Irum the 0111('1' <'111\11111'1.

'I'll!' 1,1)\' liN c\I'SI'l'i1I(1(\ uhov« was II suuulurd !JIOO-i unlt. Although this unit
was (1t'~ll;llt'rll() h" \ls(I(1 II" u twu-rouipuneut instrument, t h(1 modulur nuturo of
lilt' TSI ('(llIiplllflut 111\0\\'('1\ ot hor roniponeuts to hI' included ill its Il'N(l11lhl,\'.

III Iii" ('lIl'l'(llll Il'stiul'., till' vortirnl ('ollllHllll'llt 11(I1l11l~W<'1'(' required to power
lhl' romou- lasl'!' h"all; thus it IIIIH\pI H:!:ill f(II'IISilll\ unit fnllow(lc\ b,\' It !l21i:.! Iihr«
opt it' at t 111'111111'111\\'!'l'" )llm'('( lin t h(l I.I>V ilCis('lllhly <liI'N·t Iy nftt'!' tIll' [1'(.q 1l(,IH'~'
Hltift<'I'H, Thl'NP unit» al1(1\\'1'11 thl' horizoutul lmun« to IHHi~ uuhhulor«l (Ill th(lit'
unnual pnth, TIlt' two \'I'l'tiral ,'ollllllllll'lIt lH'alWI \\'('1'(' tlu-n tlit'('('lt'<! down IL
Imil' (If lilll<,.Opt k 1'111111'::III t h(' 1'1'1110(' !-O~'i'ol('Ill. The lllo(lili('(\m'I'!\ug('UI(,1I1 uurl
l'('lllUtl' tWil(! .lIl' shown hI'hl'llml irullv ill li!\1Il'1' ,1.1:1 below.

'l'hi« uuit \\,h~' a:,c,I'IlIIII,'d f'llllll1-;('pal'all' TSI ('(lllllH)ll<'lIt!<, 'I'hv :>O\ll'('(' of light wa~;
via a lihn' !lptic' link hU1I1 Ihl' main :,1>\' nuit: the' two Ill'i1I11H withiu the' Iihr«
[)).ti~'1,,1'1<':< \\'I')'I""III\'I'!'lpt! hill''' illld 1'1"1' ail' 1n',II11s h~' till' TSI \I1lH !l~li:J. Th('~'
\\'1')'(' tlx-n dil'l'(,t('d HIIlIII'. a I<itllplih(·tl ,il't of tl'all~llIittilll\ and l'('('(,jvlUI', 0llti<':I,
TIll' ('lIlapOlll'lllh olthi« :'lIIillllU'ad IlP}ll'i,1 ill lif',III'I' ,1,1:1 illIII al'(' Ib!<'cllH'\uw:
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lISI'(I, h('('all!'!' Jll'!'·fiIt1'I'I'(1 water wu« usod (front tho lasor ronlant drnlu) to top
up t II!' H~'Ht1'111. \Vall'l' fouling was miuhual 1I('('I'lIH(, of thl' I'xt(,llHiw us!' of
l)laHtk~ in til!' !'ly:-tl'lll. till' dl'lii>l'l'atl' !'lmit'" of which hi (lis('w,;;('(llH'low.

4.3 Velocity measurement sub-system

4.3.1 The main Laser Doppler Voloclmetcr

Tho unit lIsl'd for I('sliug was it Thl !llll(l··,' :,prips lasl'l': It two eompouont, bark-
~!'Iltt(ll' unit, which olH'l'atl'(\ ill c'Olljll11('tioll with it ('ohl't'l'ut Iunova [lO. !i \\'
nmltl-baud m'I',oll-iolt luser. A plmtonraph (If t III'S~'st(,lll 111011111I'd un til!' travors-
ing 1)('(1is {',i\'('ll ill liglll'l' L l:,!. A full list of t hI' rompunont« ('OUllll'isilll~ thiH unit,
inrluding tlioir lIl'1'illl~!.(,lIll'n(. uro !~i\'(lll in nppundix F. hilt a hl'ic'l' NlllllllUll'y of
till' Iuuetionallv import ant it I'llIs ;n'(' I',iv(lll helnw:

(i) 'l'lu- LDY luul a pail' of f't'I'!JII(,ll!'~'shift 'mils. Illl!, for rurh chuuuol. Th(';;('
I'adl ('ou:,.h;ll'c\ of it '('Sf 1l1111It·l nIH'! BltI1\!\ ('I'!lllltnllll('tI ill liue with the'
opt it'h. mill i~T:-iI ulIlclPl ill so l'iPc'll'llllit- runlrol box,

(iil A 1l.,HII'! !lll:! li!'hhltlJl ,,~·',tl'lIlwa: iuvludr«]. tn !'UHlIr!' ('limiua:ioll or
!'I'I'OIll'lllb l'I·lh'c'II·t! hi)·,llill,. wlu-u 1IIt'.IH1Il'illl', 111',11' lot hi' pip(' wall. 'llll~'
('lllllIHlIiI'UI l'm'\l!'!'d t h!' 1'!'llU'uiu)\ lil\ht t 11l'Il\II~h ,I siuull pin-hulo. t IIIUi uuly
ilthllittitll', ~it',lIal:,1'1'0111 1111'1:\t'a:"1ll'illl\ voluuu-,

(iii) A lill'!'.!' lu-.uu !'xpOllld!'1'. lI11H\d !IlS!l wa« iudlltll'(l III l')l;iltn' i\('('1l1'i\11' hl'1lI11
Hli!IUlIIl'lIl HIlII it I.lllallllll·a:.milw, voluuu-, 'I'lu- li\l'l\(' apl'I'tlll'!' 01' lith< uuit
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4.2.5 Catchment tank and temperature control

TIll' rntrhtuout rnnk w:», pnrtiallv ~;IIllWIl ill lklll'l' ,1.11. Its major Iunctiou was
t (J ruutuin t ho flow Irom IIpst 1'('IIU1. 'fit" t iIllI, had u ('apadt~' of 1 000 I, au: I
was t hns };lr!~(1PllOlll~h to ('out.li!l \\"111'1' from Ill(> 1'11th'(1l'h~(huuortunt clmiug
r1Pllllillg, (II' tlmiug ;\ lu,dflllll't iou ~, Ot hor t hun l'iimply IlUhlillg wntor, it wns
abo ('O!lt'{>l'lH'(!with tlu' n':',:.iiltlOIl (11' Ipllll)(>ratlll'(' ill tIl!' !'ig,

Tompcraturo contrul unit

Two 1<111'.1'iunueu-inn 111':111'1':-'[II(llt111H', pm\'('1' !i k\\' ('aell] <'xt('IlIIN\ Into th«
!OWI'l' portion of I hI' ruuk, !lIlt' Irmn I',wlt ('1Il1. A tI'1l1!lI'mI1ll'1' I wus hn-
1111'1';;('<1 ill till' wutor. 111111i' ~lIlall PUIlIP 1'1't'i1'('1l1afl'(1 water Iroiu b. ,(.tOlll of
tIll' rank (II thl' 01" Tho 111'011('and lu .. tI'I'H WI'1'(' routrollod hy un i\('('lIl'at(·
tvuiporuturo cuuuul uult [Tel, '1( 'lt-I], to H,I' (', 'l'hiH unit lI(·tllal('(1 IWo Imw'
au W {'outa('t Im'al;" .', whirh 1'llulrlllk,1 tho nlppl ... uf :1t<OV, :J'Jlha~('('m'r"1l1
(II till' ht'a( ('I'S. TIlt' '; iuporatur« \\,11", !I')', ula t PI I I II :.lit" l' Inr t 11<'out h'(1 IPHt.

Iligh l'i\padt~· 1ll'II1ill!\ unit» \\'I'l'!' Iht'fl (0 allow lapicl i'Ol'!,{I(,tioll of 11'1llIH'l'atlll'('
{liH}mrititls. TIll' H~'''Ivui W1I:-;(PUlpIt'II'ly ~:('Ir-rullt ilhll'tl alit! did nut lIt'('{\ allY
(·tlI11jllltp!' inu-rventioa, TI'llI!WI'aIIU'(' \' as l'!'l\lllall'(1 ill th(· bottom tunk IW(,IlIlH('

t hiH WIIH t hI' lllO~1 }l1'1'llHII1·'Ut)llarl' that t hi' water l'('~hlt,(l. During t • wntor
WIIS lllllllp(llll'!'p!IH.ItI(lly Iroiu thiH tuuk upstrouuu till' luitial dr(' ·f I)nitl
oneh (lay Il(ofol'<' I 1'1'1illf~ hrounht t he' I'UI iI'l' uppuratn« 10 (l(lllilih1'i1, (,h(' 1'(1.

}lI'l\tl'tlIllO\'('IUt'llt Ill' wntor (11Il'ill!'. t('~tillg 1\1'1)( it thai wav, AIlOlill'l' uuponunt
1'1':lH()1l why till' 1I'IlIp{II'atlll'(I ,'Jpllll'lll~ \\'PI'(' 1101 uunuued ill II" upstrouiu tuuk
(apart f1'IIUl t ho ('uulplimlt'fl illl ('l'llab (If I It(· t auk) iH (hal thi... would huv« ill-
{!tIl'1'11~1'l'{)llr, ('(lII\'PI'1 Ion ('ll1'l'('llt ~ ill Ihh, t nuk, and t ).I1H!liHt mlll'l! till' ll,YllllllNl'Y

()f tIll' st'ltlilll~ 'low,

·1.2.0 The pump

There Willi 1\ 111'1'(1t () l'l't urn wau-r lrom IIII' IO\','!'I' I allk iut (l t III' P"~'H~IlI'(' I'I'H'l'VOit'.
'1'1) lin thh. it su .. jJh' swlunuhu: }Io01 PIIIlIP wns m"'11. 'I'his unit h,(11 all pla~1 k
\\'ol'ldlt!'.)ml'tH. til 1ll'!'\'I'llt lillllilll'. of till' wnn-r h~'t'1ll'l'wlioll. AH uioutiou«], tlth.
uult 1'1'111l'Ill'fl1l,,' watl'l' via 1111' 11',.1 H'I'lioll, whit-It it did 11I1'()1l1~h a OIlI"\viI,v
valv« 11'1'11iuto IhI' pilll' 1)('IWI'('1I l!tl' 1I0\\'11I1'11'l' awl \,,11\'1' 1,,·lwl)l'k. This valve
.~lo}lI'('(lllllitlllll\\'itl", hark t!troll",l1 the jnuup when till' l'i~\ wa'l 1111<11'1'PI'('HH\ll'I',
1.111 mhuitl('(llIlIid fWl'l tit!' pHiliP iutu th('llijll' wlu-n tlt(·rilt• wa~ 1l1l1 Jll·('!'~ill1'hil'(1.

A :n1l'I' (01' 1 Ill' i,/IIlI) wa.. 1l1l1l11lt!',1 aft!'!' IIII' plIlll)l ill It }i{'('(lIlllaI'Y hrunrh Ill'
Ihl' pilH'. awl wutor 1'0I11e1 III' diwrll'll Ihl'oll!',11 this Iilll'l' h~' dw;illg two \'111\'(':·;,

Iu- Iuurtiuu WWi III dl'all tIll' \\',tt, rwlu-n III'W \\,111'1' htul 111'1'11,1I1t1"d to thl'
)'.\~,t('u11 (H' l'I'lI)O\'l' <'(,I'IIi'lI', pII1'1k 1,·... a III I },I'( Ii111('11t. !IO\\'I'\'I'I' iI wa» not uft ('11
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Figlll'!' ,1.11: 'I'ho valve norwork,

Largo electro-puoumatlc valve. This tl!'vk!' ((i) • it Mltreh 1 luch unit -
was .~jllljllll' to tIlt' 1lllil (,1) uhnv«, hut luruor, It luul a :! inch boro supply. nud
Ollt'l'Ilt('I\ (Ill tIll' SHill!' prineipl« iI!' I lIP :'IlIIlIl!'1' unit, II was Iittod with ()vpl'Hi~('(l
ail' supplv pip!':; ill 1I hit! 10 ill('l'l'a~p its I'I'SIH1IISI'; t lu- l'('~llOWi(' tlmo of tho unit
\\'a~ uhout (l.a ...dost't1·1 tl'np I'll. 'I'lu: hrunrh of t ht' valve lIt't work rout aillhl[~ Ihis
VII!\'(' a)'i() ('olltnill('tl It Iliaphl',I)',m valv« (i) hll'Ulit'll1 to III(' romponont (:0, mill
II hall valve (1\). IhI' saUlI' aH uult (al.

Fluw Il'ft III\' IlpIWIll'k h~' wuy of' two Ilipl'H (0). from WIlN'1' lt Jln~sl'li iuto tlH'
rutcluuout tall): (10). shown partially 11I'1·t'. 'I'm' t'!lth; of Ill(' llilll':; \\'(11'1' huh.
llll'l'gt't I ill I he' t aul: 10 avoid air f\ptt iUII intn t hI' valve H~'ht 1'111 tiurill!! coudlt iOllS

of UO Ilow.

'I'Iu- soleuoul uml two Ilow \'alwH \\'(,1'1' (,Ollt rolh',l Innn tIl(' main ('OIllPH""" Basi"
('1\l1~'till'S!' thl'I'1' uuit« 1'01l1t!Ill' t'lllltroHl'd ill nuv dl'"il'l'd IlHlIIIH'1' Silllll!IIUU·()IIHly.
Pl'Ill·ti<'ally 110\\'('\,1'1',ollir ow' of tlu- \,Hh'I'~' WilS 1I~;('tl at nuy (:JIll', Till' thl'ottlillr~
\'i\I\'I'~; 0\1 ourh brandl ulluwr«] 1I uumuul :it'11 illl\ of I Ill' llnw !'anAl'. l':-Ill(l('ially
ill t III' niH' or I hr Noh'lmid, ~l'1 t illl'. of tIll' "alll'.!' was HI"o import uut for I Ill'
puemuark- uuit« h('('all~il' il allO\\'t'd t lu- \'iI!\'(", to 0}ll'l'nlt· OWl' it [1111<'1'1'11111\(' !If
posit ions, tim, allowing IIh,\.illl1l1l1 ~l'u"it ivit \. of runt ['01. Air was >:II(lpli('(\ j (I

hOlh valves luuu u n'I~lllattlJ t nut shown).
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Plowmetor

The flowmeter was II conuuon-ially nvailabl« 1'I(I('tl'olllagtH'li(' dovlco [Elllll'!'ss &:
Hauser Sll('('!iulIlg - ,10 IIIIll throat] with 1\ maximum Ilow-rungo of 12.(j x 10 ;1
111:1Is and a dyuumir I'I'1'iHlllS(' timo constant of 0.01 s, It is it uou intruslv« (i(lvi<'l'.

inforriug IItp How h~' llll'aslll'ing tIll' 1'1<.(,!rir: current caused hy Iho dmng(1 ill
Ill!lgnptk Ilnx of IhI' liquid passing t hrouuh it stro1l1'; lu<tAU(\til' Iiek], 'I'h« signal
that wa~ t runsmitt«! Irmn t Ill' Ilow unit shown 111'1'1'WIlS a Jll'opri('tlll',V H('l'ial
fonua' This wns inh'l'jll'l'll'(1 h~' ;~ roiuotr unit (not shown) which produced
an nunloguo signnl l'<'lll'l'sl'utilll!; tIll' 1I0\\,1'<ltl'. 'l'he raug(' of the unit could h('
iuodilied Irom I ho l'NllO! (' hp<t( l.

To itH'l'('[l;;P th(' qnulitv of tlu- l'l'ileliUf!; Irom tho meter, two oartluxl hmss rhlf!;s
W(,I'(' mounted Ujll'-tl'!"iUll nurl down of I'llp unit, TIlt' Iuuction of Ih('s!' was III
remove any dllll')\<, Iron: Ihl' liquid that might havo alf(l(,t!'<i the' l'('n.<1iugs,

From till' Ilowmot (II' till' }lip(I cout hnuxl downwards, Ihrough n ow' mot 1'(' !I'lIglIt
or 10 HUll wall t hkkup:;:; high 11l'I'HSIU'I' l'1lhh(,1' piping (to uhsorh auy 111<';;:-1111\'

11111SPH (1lie' tu wator-hnnuuot in valve shutdown) und Into t11(1 ('outroUinl'; valve
notwork.

Valvo network

A Ilhologmph of lit!' valve network is shown in Ilguro ,1.11. 1'11(' flow ('nIN'S tIl<'
H~'St<'llI 1'1'0111 tho right (III(' down Iubo Irom 11J('flowmeter is jusl oll' t 11('right
sitlp of Ihl' phctograph), nllIl!l'itVl's tlu'ollgh thl' IWo vertlcal (1I1)(1S on thc' loft.

TIll' vIIIY(' network wa:< IIH' primarv Ilow ront rol 1l1<'l'I.illli:llll fur tht' ('ut.il'l' l'ig,
mill ('(llIsist<'<1 of 111l'I'(' hl'tUldll's:

Solonold valve, This i~itllli('n(l'(1 hy (1) Oil til<' Ilgur«, This valvo WaK II !'IIH!

()Jll'lIilll~ (~ :m IllS H])(Il'ilkatiuu), p11'('tl'iI'ally Upt l'Iltp<i HOlt'JUlici vnlvo with 2 inch
thl'pati('(llittiugs, On tho soh'uoit! valve lnunrh was IL dinphrngm valv« (2) 1111(1
hall valve (a) t (l allow ill/mila) Ihrot I lillI', or I!I!' Ilow.

Small oloctro-pncumntlc valve, This (.I) Will'( I~ i\1i!('('h .~inrh throat PUI'II-

lIlali(,,'lly uvuuued nult. TIll' (l!'\'jr-t' wu...t')t'('ll'IlllkaUy 1'.llllmJh'<i vla n ,1~":W iliA
si!\ualll'lllll Ihl' rumputor, II had it l'P~pOll:-(, rim« of:1! (),:,! :{ froiu Iullv dosl'd
to fully OIlI'll with H "'IIPllIiP(\ ail' pl'll'~HIl'(' of Ii hill', JI:, hrunrl: of Ih(' network
('olltni1u'(\ II hall valve (:j) 1\11< I ~hal'!'( I I III' l\iallilrnt';lIl ,,,II\'(' (2) with t h(' I'olt'lloitl
brainlr, This unit Win' mhl<'t\ ill t hI' 1l1itltll(· of tp~1 illg, I () ullow 1lIl'I\}HlI'!'JU('U! or
t h« lowor llowrat (':< wit h lwl t <'1' ('Dllt rol,
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Fi~lU'(l ,1.10: The Ilowuietor 1>1'('('1'<11'<1hy t Ill' stilling cluuubrr, TIl(' diroctiou of
tIll' flow is dow II, A ('!'OSH-liN'1ionul SdlC'lllittk of t he stilling chamber is shown
011 the right,

Suilllng chamber

T}I\\ cluuuhor' WIlH illlroclul'l'd 10 (lIlSlll'P as unlfonn couditlon« liS W<'1'('posslblo
through tho Ilowruotcr !'I(l('tiOll, Bal'lkall~' it cuuslstod of an expansion (1), !.
111<'1l1l1ll (2) coutuluhig flow l'llraight('nillg ('o('ktail-HtmwH, nud it smooth contmc-
tion (3) }t'ltllillg into lit!' 1I0\\,1I11'1!'1' From thl' ('I\vity (2) led au outlot (,1) to
n pop-oil valve, Tid)' 1I11it wus ill('orpol'atl'<i as It HI&ly lllC'IlHIU'(' to allow tho
hl!'!'lliug un' of !'X('(,,,H 1))'(,HHIll'(' ill tit!' HY!'It!'lll.

Th« exit of Ill(' !'il illill!; rluunhor ineorporntor! all intC'grnl flaug(' to dalll}) tho
Ilowiuoter in pint,!'. in ronjuurtio» wit It H uiatrhiui; lImlgl' on Ill(' far Hid!' of t he
meter. which di1'l'l't!'d 'hI' How luuk into a Hl'!'tiou of PVC piping,

'I'll!' stilllug t!('\'kl' was l'ollsitlpl'pd W'('l'H:-I,n',viH'C'llllHl'of th!' pl'()Xilllit? of tIll'
1l0WlHl'II'l' to a lll'llt 1. It \\'it"; 1101 il:II'lI{)t'( 1 Ihat t hI' d('vk(' prod ure l-rulnnr Ilow:
Oil !hI' l'OIl! rurv a t urhulout prolil« was pl'Olmhb' mnro t1(l,~il'ltbll', TIll' expauslou
was ahrllpt l'1l0llgh 10 iud 111'(1 S('P,II'ill ion ill t hp flow, This, alollg wit It t hl' HtmW;!
nml ('unll'iwtioll "'liS hopptllo luwo romovod tIll' a~,\'Ill11I('ITY from thl' How.
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was mad!' of tho tl'lIlP('l'P!lll'(' of IhC' ollluent liquid, hut 1111'1'('was found to 1)('
IHl approriuhlo trmperutru« variation ill fhl' fluid, even aft!'!' substuutlal sl'ttling
thnes, Whitt WIIS ()('('nl'riulf, was t hat IIH' tlH'l'luaI1ll1l1llc'lIiIt1ll of t hI' water jackl't
was SUllil'i!'1l1 10 mnint niu approxhnu: olv isot honnal coudltlou« ill t IH' pipe. Tlu-
s~'sl!'1ll luul 10 initinllv lit' hrounh! into P(llIilii>l'inlll, lIy pumping tho working
Huh I !'('p('atl'(Il~' Ihrnugh t ho pip 1': conduct ion of lu-nt I hl'01I~11 till' glass (111'11
brought IIII' two wall'l' luulil's into IIH'l'U1al bulauc«, Th,,;'''aftpt· till' flow ill tlu-
pipl' uiulu: !litH'(1 Ihis IInlalu'C', TIll' Initial pumpiru; was .' ,(·t':-ism'~' auyway, to
(lisp!'l'sl' till' HI'('(liul\ «voulv in thl' flow, Thus 1'1f(1('tiVl'temperature conn ol was
at t uinod wit hlu I hI' S,\'Ht 1'111 wit lumt t it(' 11:'1' of till' complicnterl I'arlit't, sYSII'11I,

Rig support

Both the tunk a1111Ih(' t'ighl pip!' unit« WI'1'1'HlI}lI)(Il'II'(1 ou u beam nrmngomout,
nSillf.'. adjlll'tahll'll('(it'srals, Till' rank was mounted 011 a Inuue that conld ho slit I
harkwunls IItHl forward», 01' mUllsl!'ll to make it 1('\'(>1.Thill Ht 1'11('1111'1' iH visible
ill fi~Il1'I' 1.,1 :Lhlll'''.

'I'll!' support» Iort hI' hulividuul pilH'S (,IIU 1)(' :-i('pUutturher] to till' main beam in
Iigur« ,1.H. Em'h pipo unit was helrl at t hI' flallgp hy IIU adjustnhl« support. Vor-
ticnl iHljll~lllll'nt was bv 1II1';lI1Sof It tlnvuded rod, while I'rlltl(' latornl adjustment
could 11(1IIdlil'\'('11 hy shiftiug Ill!' support sitll'ways ou til!' 1)('Il111hr-Ior« clamp-
iur, it ill posltion, Fino mijllsllll('UI of lntr-rul posltion waH tlirounh gl'Uh'S('I'(,WH

1ll01I11t('(1 in th,' !lallA(' I'l'HIIlt,.

'I'll!' rir; WIIS IIli~IIlI'll hy aHsl'lllhlilll~ 1III' pip I' SI'I'I iOllH Irom IIII' tank cud. gal'll
unit Will' adJusIl'l1 to II(>horizontal [lIHI parullol 10 III!' lnsl hl'j(ll'(' lillilt('llitlA tilt'
f1illll~I' holt s. Tlu- t nnk hac! WI',\' lhuit ('(I WI'I it'll 1 or lateral adjust 111('111, nnd (11I1s
thl' pip(' 111111to 1)('ndjllstpc!lo ulat('h t II!' tau!:.

4.2.4 J)'lowlllctCl' & valve network

Fl'01II til!' 1'11(1of t hI' t pst 1'1'('( ion, t lip pijll' pasH!'d I lil'ollgh a 11011'ill Ihe far
wall, IIt'l'1' Ihl' Iinul lIangl' jllilll'll In It 1'i('l'tioll of sturulunl high-pl'I'HHIll'P PVC
In"illll, of !lIlII'I' dinllH'It'I':i1l 111111(huu-r llialllt'tl'!' \\'I\~::::: ,Iii unn). 'I'll!' dimnotor
was 1'1'(ItH'(1c! gl'!\t1Il[lll~" OWl' uhnnt :lOll III III , h,\' !'hamf!'l'illl!: th« iUIl!'1' H1Il'fac'(' of
t h(1 P\,(' piping. This \\'a~ I II lower I h!' rrkl loual r<'sisl alII'!, of I hI' 1',\':-;11'111,awl
1'(11110\'1' nnv S!lIIlTI'~' of di"t mh'll\('l' Innu IlI'ar Ih(' It'sl s('l'Iioll.

'l'h« hlll'il'lllllal pipl' 1<'cl into it ",l'lHhtal !lll' Il1'l1el. which IIII'U(>(1Ih(' pipl' c!OWIl-
ward. 'I'll!' pipl' t lu-n !c'c! iutu it llow i'-I midll !'lIilll~ ehmnln-r hl'fol'l' pllssing
1hrnunh till' lIo\\'1l11'1t'I, Tit!' hi illinr, rluunln-r aud 1I0\\'III1'tl'1' it!'!' shown ill fig-
ur« ,1.1Il.



CHAPTER ·1. BX!'BRIMBN1:tL SYSTEM

'I'll!' flallf.\('l'( shown ill lir;lll'<' -l.i lnul provision Ior IIH' uttuclnnent of a square
box, Long thin glass p'L1H'1s \\'<'1'(' cut from () n1111untcmporod float glass. TIlt'
thkklll'HS was chosen Iwmus(' this was dos('sl to tho natural float thickuess
d lIl'illf.\ ninuufnrt nrp". t hus niinimisinn opth-al <listort ions, For the snm« reason
tho 11111('1111)('1'1'<1 glass was dWS!'1l u titl' h('al of til!' tomprrlng !l1'()('('H~introduces
ripplc'H ill tlH' glass, Float glass was dl!l:·i('110\'('1' Pyrex 1)(I('alls(' I lit' (lI)til'lll quulitv
of tho SlIl'ra('(' was hiulu» ;11 til(' f01'1l1Pr, and l)(ImUH<' of thl' pri('(' premium of
Pyrex.

Initially tho euhro oip!' WiI" Plldos('<1 with four pi<'('('H of glasH, H()\\'('\'PI" tho
illah:il(Y to cloun Ihis rouligura! ion nil! I t IH' (liflit'ully ill ~,('alillgt II(' joins resulted
ill tho lid lx-ing !'I'IU(l\·(I(1. Eadl srctiou of pip(' thus hac! it glasH hox snrroundlug
it, wh,,'11 could b« HillII>I~' IiU('[1 from uhovo. 'l'he pip!' HP('tioliS can 1)(1H(lPllek-arlv
ill Ilgure ,1.H,

Tempernturc control of tho pip('

'l'ho Ilukl ill (h(' nptirul hmws was initially to Ilt'l'\'(' It dual purposo: as well
a~ l'(ldlldll~ opticul distortlou it was to ht' lls('1i to control til!' tNllppmt \11'(' of
til!' fluid ill tilt' pip!' lind (hils rvt nin isot honual rondltlous in til<' systom. It
was (lc'('idt'(l to do this 1)('('(\111'('mousuromeut 011 It previous rig. of 1:111'('flhH'ul
fluid Irom the plp« that had 11('('11loft to slawl Ior sovorul llliu;l('s (lH'('t's:m1'Y
st'l (!iliA tiUH' fol' l'<'(ill<'ing (lislmhi\ll<'!'s), showed .\ variatioll of 1"\'\'(I}'1\1 <It'Al'('l'H.
d(']><'lHIt'llt on t1110 ltI11hil'lIt tomponu uro,

Initially, fluid was PIl'llI)('<1 Ihl'(lIlt;h t 11<'hO,l((lH Iuuu it tomperaturo coutrollod
1'('st'l'voil', uIIII ret 111'11('<1I () 1 h(' 1'1'sl'l'\'oil' nftt'l'\\'ul'ds, IIo\\,I'\,('I\ iL uunihr-r of proh-
i('llls l\l'()~\' wit h t his H~'HIoui:

(i) TIll' 1l'i\'illl~ Pl'PSSlll'(I II('Pcll'(1 In ein-ulat« tIlt' waIN' (,tlIlHt'd problom« with
I Ill' Ht'aliI!!" of tilt' bmwH. '1'111'larg(l sm1'a('I' urea of t lWH(' hux('s ('mls(I(1 tilt'
fa('!':; to oxp.md, t 11Il" l'('qlliriuf'; dlllll!>hl~~,

(ii) The wator jut']wt hud'a['l'!' h('['llIlll' Ioulrxl with algal' uud water HNlilll('llt.

and d(,lI11iug WIIS itlll)[1~:-;i11l<' without oJll'l\illA tilt' boxo«,

(iii) Ail' Il\lbhl!'~ Irmn Plll11piug. mul Iroru di~sol\'(l(j gt\;;('~; ill tilt' wutor fUl'lll(·d
Oil t Ill' f\h::;~ ~11I'ra['['~" disrupt iU1\ opt irul al'I'I'~~i,

DIIP to the's!' prolrlviu«, it wus dl'l'id('[l 10 aluunlou thl' l'('('il'I'lIh~tioll upproueh,
1111<1~il1lpb' OP('II t lit· hox(':-i, This allowed !'I\sy dl'll11iur, uud roiuovnl of buhhlos,
IIOW(I\'I'l' til!' Jll'illllll'~' goal of (('llll)('ratlll'<' r-outrol waH c11'Ii'at('(1. III order to
('~tiUlat(' 1Ill' toiupornt uro varia: ion with t lil' watN' Jllek!'ls 0IH'II. lUI'HSlIl'('II11'ut

111011,,·thiltlll'l' (lillll'·i, Iluat gla~,~.iI. Htl'l'ldH'[l Inuu thiK mltiul thirlml's~. wnh r"~",ltitlll
clihtllftiuu,
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explicitlv (l<'·lll'(,"~lll'bl'(I, Tllll" 11)(' "1'(,lIlill~I,\' ximpl« PRESSURE oporatiou ill ro-
alltv required runt iuuul control, 'I'his was onlv Jlo~~ihlt, hp{'ami(' of III(' nature
of IhI' !)l'higll,

5.2.2 The RUNcommand and tho 1'U11 Hlo

!'.Io:->t of IIH' rnmumnrls shown in thv tilhlt,~; il!'!' solf oxpluuntnrv, 'I'ho most
luuduuu-nt ul or t hl'~;1'wah t lu: RUN: {'olllillalul, which ('outiu!'1 ('(1 Iho t!'stillg,
During U:-<I' of I hI' 01 her uiurro rounu.unls, t 1)(' rip. n-mainod !''';;!'Illii\ll~' 'dUlUh',
For instuuve t lH' RETRACT: rounuund would 1'!'1uiu routrol uut il tho t nul; was full,
or till' lI~t'I'lll'(',,~!'cl it I,!'~" Tln: rig opl'l'atioll uurlr-r UIIU'l'O control was thus simplo
und uot thne-rritienl. 'I'll!' slatl' or I lu- rig aft!'!' Pill'll rnnunuud was ;itatk: if all
('1'1'01'O(,(,tllTI'II ill IUIII'l'O I'XI'C'ut ion t hI' ri,'. would 1)('\'('1' Ill' ill it tiallgPl'(ltIH dvmuui«
Hlnll', Tit!' RUNcnnnnuurl used illll'l"('Olllpil('()1'1t1l jilc' to contml pll'lll('lltH of lilt'

rig ()Ul'illt'. Ill(' highly dvuruuir tl'~'lilll'. plws(', To I'X('('UI(' a tl':'I. tllill ronuuund
WIWJla:,~('d tIt!' uuiu« of III!' ruu Iile a,; all un.uuu-ut, for ('Xall'p!t' RUN:thiofilo
woukl mu thl' (''\IlPl'illll'lItal Il'sl (1I'lilll'l} hy thio:filo.mov,

Till' syntax of tIll' ruu Iilo j:.; ,;i\'('ll ill :-;1'('liou E,I1. Silllply put, till' (,XIll'riUII'U"
tal Il'sl was tl('lilll'ri hv it It'XI lilt· that 1'1;\1<'1) Ih(' thlliu~~ and 1'('<lIIPU('(' of tusks
l'l'(lllilPII (imilll'. I l':-ilill!'" Eadl lin« of Ihis lilo n-quirod t Itl'!'!' pnnunotors: t li«
IiI'Ht was IIH' I iUII' 0[' 1'.'>;I'I'11tion, I h(' :0;('('(11111tIl(' ronuunnd, ant! Ill(' last was I hi'
cnuuuand parauu-t PI'. This fill' hat! Io 1)(' ('ollipilp<i lwiill'l' iI (,(HlIII IH' ('X('('U ted,
Till' vompllor dll'd,1'11 1'1'1' svntux l't'l'Ol'H uiul prudurod a hitliU'Y fill' tim! allowed
quick (lx{'('ul iuu", This ('OI11pil(,t1 tiI( was lo.u 1('11 Iuuu clh..k when the RUN com-
nuuul wu« Invoked. Suhsoquont lilu'!'i hat! 10 hnve hIt·utiml Ill' itH·l'{,ll~ill!-'. VilI11l'1'l
of timo 10 tIll' 11l'('('I't1itl'~ lino. .\II~- l'x('pptioll:1 to Ihis WI'I'(' Hlt'iPP('I} out hy th('
('olllpill'l', '1'111'rnnunuud IHu'1 IIf t hi' ill'J!. IIII11'111('oult! h(· allY 0111' of the t hree-
11'111'1'vluuuctcr "ll'illl\~ l\iwll ill t abl« E,a. alH 11lH' I1l\t 1\1'1' or I Ill' t hlrd pnnuuetor
arnumont is ubt. ~howll ill 1!I.1I I alilto. '1'111'tI(" ail('d :-;1nu-t 1U'1'of Iho tl'stilll~ suh-
H~'HII'11l i!'i 111'~;l'I'illl'd ill appl'llllix E. III ('I.:;I'Il( ". (,Hi'll rouuuaud ill tho ruu-Illo
Pl'l'fOl'llH'(l ,I ha~k tusk at it ('(,I'laill tluu-, SOIll!' n] tlll';;(' \V!'l'(' liilllplt· uction«,
{'(II' illHI hlll'l' OI)('l1il1!', 1)1' r1()~illg it valv«, 01' st ill'l illl! ;II'<lII!HII ion 1'1'0111 Ill(' },DV.
Oth('l" uior« rmuplox tusks, ;,111'11 HfI IIll' rlvumui« 1'(IIlI'I'()I of the Iluv., could Ill'
Iullv \ ontrollod from Ih!' ruu-Iile. 'I'he flow was allowed to Viii',\' in 1111'(11'waYHi
polyiunniul, sinusoidnl awl I'XJlUIl('lIt ial. Thl'sl' m'l' HhOWII bvlow ill ('(lIlallulIl!
Ui.l).

(J(f lpol\'

(J(l)ll'i)\

(J( I):,:o:p

, 'I'

(Junx l"'u I k, " / i k~ " l': j •
(JIlInX )"u I Il, ~ill( 1.\. , I)].
(JIll<lX [I.'u I I.', I'xJl(k~ , 11],

(:i,l)

.Illltl'qtrt'lillf\ Ihl' \1",1 lill' tlnri .. ,~ 1('~,lill'\ would hil\'!' bl'I'1I lroth hi,,\\, 1lI!!1dilnr.I'[III1N,
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Further to this it Willi "1l(·t'iJj(ltl that litt' counuunds lit' 1't'iltlily rombinnhl« into
:;II01't IllOf\1'allll'l (It' 'uuu-n»-', t hu« allowillll nuuuuunxl exrcutiun (If S('(III1'III'PH (If
('('1111111\1111:-, t'lltlt'riYillg t h« illtl'rprt'tat ivo Iront-ond, tinn- nitit'al control awl
aI'(lltiliitiOl \\,il~ to 0('('111' 1I1l~(,1'1I h~'thl' 111'1'1',

5.2 The main control software

DIH' III t ho (,lIlllpll'x nat ure of IhI' main software. 1')101('1'will nut allow it dotuiled
(1I's('1'iplioll of all itli ('OIIlIl()IlI'111 (lil1't~;. aud till' rt,atll'1' hl 1'I'li'1'l'l'll to appoudlx E
for Iurt her til't ail. This H'('t ion ront ai'., ,I i>ril'f !':UH'tinnul (1t':o.('l'iptiol1 of IIII'
1'11'1ll1'1Itl' of t Ill' ;.()n\\'l~1'1' iuiportaut to till' ("Hltml uud the a('quisitioll,

5.2.1 Command Interface

FWlU tltl' 11"('1"1"point of vlow, thv lllailll.oftwil1'l· ('ow,btl'd (If It ronunund 11'1'-

mlnnl !It W1lkh ('ollt rol rouuuuml« ruuld Ill' (lnl(lI'('(1. llelow IhiK Ionuinal t 11('t'(,
WaH 1LHtatl.s un-a, whor« th(' "tatl' of Ihl' l'il~, uud othor lmpurtunt IIIU'atllptl'1'H
\\'1'1'(' 1Il'('Splll('(\. 1'111' u-nuluul window luul 11}ll'Olllllt at whirh the control com-
nuuuls con ItI II!' IYIlI'I!. I'roviou« coiumumls 1'1'1'01:\,,1 1IJ1 t hI' H('n'('11 (much 1iIt1'
a l1NIX t"l'lllilla) or pns 1'('1'(','11) .uul a 111111'1'1'HtO!'I'() tilt' lust 30 ('01l1l111ll1l1H,

allowing t hI' I1SI'1' I () rrrull rnunnou iustrurt ions I(llil'ldy IIsinl~ till' Hl'l'OW k(l~''''''
Tho conuuamb: \\'('I'!' nll r-ntouxl lI;.illr, a simpl« syntux, and tho full runuuaud
Sl't iK gi\"'11 ill tuhlo E.l Ilf t hI' apIll'lItlix, En!')1 ronuuund WIIH ('Oll('('l'll(,t1 with it

particular I ask: for iust IIIH'(' tilt' ('(1111111atHI PRESSURE would ('nl1l'l(' t ho t uuk to hI'
l>l'('HSl1riS(I(l. E\'(lI'Y component of the rig roukl h« rontroll«! from th(' couuunud
IiIII', II lid Iun.her ('01 11Iuum IH \\'1'1'1' ('01)('1'1'11('(1 wit h nit l'1'iul" IHl1'lUll!'t ('l'H such as
ronversrou fll('lol'H alltl ('OIlUII'I' ;'l'ttiUgH, All rnnnmuul» \\,1'1'(1however 8tniil' ill

lI!lt1U'I'; thai iK ('IH'1l pl'riin'IIl('d il~ art inn awl thon rotnrnrd routrnl to tlH' IISI'I'.

Tho highly d'/111I7I11(' runtrol of I h(' iH'(lllisit ion wa:; tIl!' l'l'll!lIl1l';ihility of a I:illgl(l

Iunctlou- lilt' RUN conmuuul, whlch I~ tI('h('lih('(1 ill (it'taillnh'I'.

TIll' .mu III II , uld Ill' l'olllh:Ilt,t1 iuu. shnrt IIl'O~\l'I\IIIHor lIliU'l'OS. E~~i('llt ially
It uru-rn Wi -xt liItl cnntuiniuu lilll'!'l of couiuuuuls. 'I'hv 1II1l1'l'O «nvirouiueut
1111"(1a11o\\'1'1\ Ill!' 11:-,(1 of :·;,,1111' ('xtl'llI!1'11 rmunuu«l« ('oll('('l'lll'(1 with lli'ogt'alll ('011"

11'('1 awl 10opiuI\, Till' ha~ir I11111'\'0 ~',\,lltax is gi\'l'1I III S('('tioll g,ll, nnrl till'
t'\(('llt!('( I ('OUlllUIlU\ Sl't hi SIIOWIl ill Ii' hl" g,:.!, TIU' looll:UI'. IlIIlI ot her prlll!,l'ltm
(Ilut rol comuuuuls \\'(11'(1 \'("',\' hash', E:-;:-('lItiall~' t \11'1'(1WUH It ('rlt(Ie' FOR loop, •
OOTO I'llnrvmeut and II IN'1' input DEe IS, ION (·OIll11HlWI. but I hiH wu» suflici(11l1

10 allow Iuirlv complex ('01111'01 of tIll' uppnrut us, ('Olllllllllll! I'xl'('lllioll 0('('111'1'1'( I
.u II high h'\'I'I, ,\11 IIll' wlulo low h'\'1' I uionitorhn; of till' rig ('IlHll1'I'(\ Hart't:,>,
uud Iloxlbilitv whlrl; would 1I0! huvo lux-u possihlt' 111111t hl' euuuuauds h(l('l1 for
lust nu('(' sl'llIu'a1!' PI'OI',l'iIlUS, For l'l\ilUlp!t· t hI' PRESSURE ('OIIIIIIIIU<1 (',ms,I(1 t ho
ril', to )ll'I';i';lIIb(, IIIHI thou 1'1'11Il'lll'll IIS!'l routrul, IIO\\,t'\'('I' I Ill' low 1(1\'(11 control
!')tlllll'lIts (,Olitilllll'll to tnunitnr mul rout rol tlil' jll'l'~~'1I1'1' until IllI' S,\'stl'lll \,'11:,
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'I'll!' nhuvc (}!'S('l'illl ion III nop is \,(,1',\' brit'f, awl I h('1'1' 111'(' t1l'tail(I(1 hook, avail-
uhl« Oil IIII' i-iuhjt'('1 [HlIl1lha1l1~h ,1 III (1!J!ll) • Jurohsou t! III (l!J!J2). Buuch
(l!HH )], This (li~\l'l'~~;ioll Oil t h(1 ()OP philw'oph,\· was lH'('PIi~lll'~' to explaiu how
the ('Olllplka!t'(1 (lala l\nplisilioll ~~';;It'll\ rnnlrl ln- written within a ~'('iU' wlthont
:111\' tnujnr Haws alii I pwl,h'lll"" Bil"kall~' t hv llhilo~(lph~' allow» n verv robust
aWII\('IH'l'it' h~';;It'lll10 III' dl'\'piop('(l quirklv if IhI' ('O)'l,(·('t oh,il·rl ah"ll'lwtiollH
of till' rvul workl al'l' appJjp(l. A l'.l'O"iS 1lI('U"Ill'(' of I hI' f'1l('C'P:;}1 or 111(1 upprnurh
is tIll' uumlu-r of lilli''' 01 (,{lilt, (I'xdntiiul', vunnuonts) 111'11I'I'at('(l, III tlu- 11l'P:'I'lIt
('il~(' 0\'('1' 22 !lOll Iiur« \\'('11' writ t ('h, TIt(' 1'1',,1111iug sol't\\'H\'(' is i'Xtl'l'llH'I~' robust,
and tlu- oulv 11lil('('~iwln-n- Jll'Ohlt'IIlS did al'i~1' \\'('1'(' ('xplkil1~' duo to :,l!m't..ruts
tukeu 10 saVl' tiuu-, not !l1I1' 10 uukuowu IH'U(~ral1lllljlll~ ('1'1'111':-;,

5.1.2 User int('rfu('t'

Till' previous Ilewk-r t-I'nrkard !)~:I!i~~'I,ll'lIlwnx hril'll~ uu-nrioued hi Ill!' PI'!"
vlun« !'Impl PI', 'I'll!' Opl'I'ill jill', ~'.wt«tn oj his llliIt'hitu' was ("';~;('lltial1~it BASIC
iut (11'111'1'1('1',und I II!' i\l'l!l1i;<itiOll ~,(In\\ill'l'was it sitIlP:" Sl't of BASI<' IH'Onl'itUlS,
'I'his 1;~',"t('Ill. wlill« \'(lI',\' -low, lu-kl HOIll<' luuut« ati\'lllllllA(% For iUHhm{'{' u HA"
SIt' ('Oll1111l\1l(1 10 lll)(ll'all' thl' 11I1l11JlI'ollhllH' hi~m('(illil'l'l'tl~Iroin tIl!' «uuiuuuul
prompt, lUi wrll ilS J,"illl', illl'llhil"\ ill ~(llll(, oxwutubl« [ll'ogram, III till' ('\Il'l'l'llt

(ltlsi[~11 it was ,lc'dtl('(1 to il\'oitl a mnro nsuul iufltdhlt, 1111'1111ami whulowlng all>
pronrh cuuuuonlv 1'('1'11 ill ('0111111I'l'l'iai t'oftWtll'{1 p:tl'lmg('H. i.imply IH'mlls(l tll(1 rig
control allll C1l'ql1isil lou was iuhorontlv a «nuunaud hmil'll 11l'(l('('SS, III ol'{i<'l'to
rotuin till' Ill':o.iitility of III!' lIP pauullum, while allowhn; hil\h s{l1'1't1 real-tiiu«
('(llll.l'o\. It himpIt, vounuund lll'll{'p~mll' fl'()111-eud to t hi' IHlt')mg(' WlUl I'lI\'itiull('d:

('II'!'!'! ivclv all !'11l111allou of t hi' (lit! lIP I-i~'~tern, 'l'ho user 1'('1'('('11iH HIUlWll ill
Iiglll'{1 ii.1 It«low ,

i 1,01111:11111uuttillllll ••
Dnnu
Uhillh u1"ulI ~Ii\()hillll!l Itill you UUII?(1lcnollll, 1,,1. 2011. 3choth): 0

611 IltllHlCl\libl·!\tintl intl'I'nlll tinnl', lllftllVn IllIit IIlljll·OX.
Til~I)A' in oaUbl'llt(HIl 1(- 12'/U'n,Il0mm
lint!)!' flo(~ l'I'muu in 1l1ll"31u IIluMIl: :1.6
Out or IIiI'll> gntllOn IX

Oll!; or lIil10Axio K 0,110.1'11'1> Movollboly.121.b

,
I
II -=I,DUTOOl,!lUll.l (11) 19'J2 n.II.Abhot. G.II. Oliui!ll'~---===-~--:::==~
, os (lyolnn !;hHt 110dn Ii n.mlll UftUnlnnflth IHS
(lhlln11 U ~Il IlM/II 1.1>91:)ll 6:12.8 HUM
lr.h(lll 2: (I a COHT 1.9110 188.0
'Ra HoI 0 1'1'000 :~0.87 AID (1h(\l1; 0:+ 1:+ :!:~3;- 11~ S:- 6:- 'lInI~Full. C.Pl'OIlI 1.0n 1'101;011)'oo:ltillll EI~I)I;II,
illllllllllllllllllllill

Figlll'l' :;,1: Till' Wi!')' illtl'l'I;II'!' i'{ 1'1'1'11,

Tit!' (I('~il'.ll NIH'rilimlioll WHe; til huv« n Il'xtllHI n~l'l' iutl'l'i'.u'(' at whit-h Ih(' 0111'1'.

utor !'llllld 1\'llI' ill aPl.l'"pliltl!' vunuuauds (i.«, RETRACT 10 I'l'tral'l thl' piston).
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u.1.1 Object-orientation

AI t lit' out :-1'1of t hI' }ll'll.iI'I'I, I hI' ()bjl'i'f Orient 1'111'W~\l'all'lllillg (()( nI) t('I'hllitlll(,
was dl'wlolliul', vouunerrially, and all o!Jj('(" orjl'l!tt'd Wl'"itlll or Borlaud PH~('ill
(vorsion :UI) hrrtuu« uvallahle, Th« ()Oll )lhiltl~oJlhr wa4 m\ollt\·ti ill its I'lltiti't)'
Ior 11('wlollllll'lIt of til!' ·,\',,11'111, III 1Il't11')' 10 lllll\!·!'hlm.d tlu: merits of ohj(,I"
orioutntion ill ,,(I(lW<lI'" d('~il\ll, it H\lIIl't I'xplallalioll of its pl'iut'iph'}i IU·('tll' to lit'
lc\i\'(llI,

1-'11111lan 1('111 ally, till' ()OP r1'('imhj111'allows till' {,OlH'l'lll of oncapsulatlon ill

NOl'tWiLl'P (It',,i!~Il,hlKtl'illl or, lu- C'OIllIllOIl \,ul'iahh'olla:;t.hll\. III f\llllml vlIl'ilLhlC'H of
sa,\' l,'()HTHAN, till' oo!' philo:'()phy wod,}, wit 11Oh.il't'!!l, nata uml ('11111' Ilrt· no
lOli!\I'l' NI'}larall'. hut all' t'Il1l1hiUl'I1 inru I'lltilil'!., III it fi('W;(' thl' (Ihjc'c'l 'ImowH'~
uhnut HH OWIl hehuvionr alii I how 10 ilUpl!'IIII'llt it. Fill' iUNIaIH'I', iUHtC'lt(1 01'

having it 1'11111'111111 that. «uv tli:,pln~'>i 11i\lilllilS~I'cl a~, all argl\llll'llt to it t trnditionnl
apJll'Oadl), wit It ()()1' tlu- rlnt a kuows how I0 rli:~Jlla\' it :;1'11',

{)hjc'c'ls usuullv 1'1'1II'C'''I'll 1 l'\!'llll'IIIH of tltt, roul world: lill' it HttlUt'(' 1\11 uhjl'l't
woukl bv 1'l'I'atl'cllhr thl' hf Pllllt'l'''llllli 01' drlv«, 'I'ln- lutomuls nlth« ohjc'l·t would
C'OIU'Pl'll it1'ot'lf wit 11t lit' hili!'!' \\'ol'killl~H (If Ihl' 1'II'1lll'utH Ior which it was l'(';l{ltlllsilllc'
(l.«, wl'itilll~ MllI'I'ilic'rmnnuuuls til tIll' s!l'Plll'r voutrol box), wuilo thc' lutorfaeo
• tilt' ('tlIUlIIiUlI hi USC'II h~' 01iu-r ('W h' jll\,(lldlll~ Ill(' ob.i(·I't • would IIt' AI'MI'!(', For
iustunro ill IIII' st Pppt'Hl1ol Ill' ('(l:-<l',t hI' iul prfm'c' would c'tm~bt of ununuul«
surh IHi otepporo, Hovo (200): t 1I1IH tho 111'1aihi of tl1(' HtI'llllt'l' control '11'(1 hkkleu
aud uuavallnble for llil""" umuipululinn, Tlll'ltht'l' of IUlllh,it'I'· Hillllll.v ('nllfl hil\h
level, gl'lll'l'il' I\w1 l'olllllHln"~('w.1' cmuununl« 'I'hls is tl'l'llll'tllIlu'lll)lilllatillll, It
UUo\VH H(I(" iOllH (If t 11('('Ollt· (0 III' (\1'11111",\('<1 III isolut ion bC'I'aw·(' of t lUI llltHlnlal'ifY
of Ill'HiL~lI1111'method (lltfim'I'I"

Anot lu-r ('\'1'11 11101'(1PO\\,('I' I'll1 tuerhunisin of t hI' ()()P met 11CI<ll)lo~\~'hi wluu iH
(l'[,l1lt',1 lnhorltnnco A ",l'lIl't'k (t1I1'(,,~flll' Ilhjll('f 1'1\11lit' ~a·t l1p that l'('IIl'('fWlIh-l

IhI' lu-lmvluur 111', lill' iIl"il'lllt'C·. all IUIl\'I'IUt'UI Ilt'vkl'H (HI('ppfII'oUIOI (It'll. llnonr ur-
Iuator«, ctr.), hilt ,101')' uothiiu; • u i~1'H!·('tiVl'b' it 'pla('I'.lwlcll'j· fol' all ohj('c'IM
with Hilllilul' lu-luwlour, aiul llH'I'I'!~' d('lilll'''' a fil't of Iunrt jllll!'! t hut ull iuuvcmont
1\I'\'iC'I':; haw ill "tl1l1IlHII', I ll'yi<'I'I' snch a~.IIll' ~ill'PI H'r'IIlOioI'N 01' IIt,· llueur urtu-
at Ill' sital'C' tlu- ha"k I)('lli1\'itllU' or Ihh. it",.;t rart IIhjl'l'! I hut .uld hnplonu-ntutkm-
Hpl'dll,' inn-mal oJlI'l'atioll" to Ih(' ohjc'I,t (l'\li' imni\lu'l' till' Move couuumul IllIlHI
H('llIally 111'1\'(' lilt' liII'PIH'1' 111111111'),'I'lms tlll'lil' slll'l'i1ic' Objl'l'lli 'iuln-nt' frum th«
haw ohjl'('t, hilt 1':0:1('1lI1 it" lu-luwlour. TIll' );Il\\'I'1' or Ih,' aJlPltlal'illi('~ ill tIl(' wn~'
t hc' iuhl'l'il aUI'(' hi tH,l'l!. Sll[tWill'f' ne'iul', 11l1' ohjl'ri 111'(1111101 Ill' C'IlW'Pl'IH,,1 wlt It
what Iypll 111'nb,iI'('1 it b clc 'a Iii!!,. with. :,11 [lllll', ml it Ilht'il tho gt'IHll'iI' nlU'(I:<ItOI'

illtl'l'fac'('H, 'I'll runt inu« IhI' «xampl«, IhI' 11l'Il[ll'a1ll run hillllll~' toll u ruovemont
tlc'vic'l' 1(1 lUIl\'I' (APurtlcul(Il:Do'l1ico,t,lovo(" ,) 1. If that d('vic'1' is u ;;1<'1111('1'-
iuorur, h))t'l'ifil' c'chlt' will 1111l\'!' Ihl' fitl'PPI'I', whil« if it ill tIll' lluour llt'l lutl 01' il
will also 11111\'1',

.''1'111' illllhIOI'"11l01I'hh,UI .,".'m', ',tt,llll'.l' hlll I', 1II'f(",',M,\' IU ('Xl'lilin till' !I'l'oic' }.tlllc'illlt'li IIf
IIII' IIll'thmlloimph,



Chapter 5

The acquisttion & control
software system

'I'll!' liHt of rounulluhl« til' IIlt'1IAlII'iUlt hnrdwnr« l'OIlIIHllH'HIl' gh'!'11in till' provlou«
rhapt!'1' \\'a~ ""tt'll:,i\'(l. 'l'hp;.1' it ('lilt, WI'I'I' all 1'lllllU'('II'(l to 11ll' iuuln ('lIl1i1'l)1

cmupntor, Hili! t hus I hi' hinh h-vel «outrol of till' ('Htin' l'in wa~ lIl1' ('l\t'h;,'<jv!'
n'~lloll14ihility of it ~,illl~h' ~,oltwi\n' IIl'O!\l'ilill, 'I'his dmplt'l' olltlill(l:i 111(1!'.1·!lI'1'1\1
llhilol'ophy Ilt'hiucl t III' (h'~,il\1lof Ihh. prot',l'atll. .uul tlu-n hl'iI'"~ II(,H('l'i1)1'~ iI~
IlH('l' illl('l'fnt"t' itllli tllH'l'atiulI. 'I'hv (Ip~('l'iptitlllllf Iht' illl('l'lIill:mftwal'(' stnu+uro
i~('I\!Nlry, hilI a l!t'l aill'c1 lop,!t'\'l'I cll'lii~\11iH !\i\'I'1I in aPIH'U(lix g,

TIll' much simplor 1I1'<tltbil ion progralll l'PeJhll'llt Oil 11H' (I('(lubititlll t'Olupntl'l's
if! nhm di:a'\U'hl'tl. 'I'h« r,lm't LDV nuuhln« u hoi 11 lumlware mul soltwat« • ill
roulitv ~illlJlly c'(1uslilntl'(t a JlN'iphl'l'ul eumponont of tho iualu ('OUlPlltl'l'i 11(Iw-
(1\'1'1' h('t'alHi(' of itH huporuuuv. and lll't'am;l' it H rt';;itlI'1I1 !'loftwan' Pl'()~\l'Illll wns
(it'wlu}!!'ll tor,Pllu'!' with till' uiuiu svstom, iffl (11'!;('l'illlioli h. iudut\l'd It!'!'!',

5.1 Basic design considorntions

TIl!' lIa1'<I\\'lln' dlllirl' till' till' :,~':.tl'lIl \\'a~; 1\11m~I ('ulIl}!lllibll' 1"'Y~itl'lli ali <i('H('l'iht'tl
ill }i(,(,tioll ,1.,1,w,iurl til!' ~IS I)()S tlJlI'I'atill~~ ,·;y~.I( Ill. Munv KoftWIlI'(llit'V<'lolllllt'lit
((loh, woro nvniluhl« filI'I hh. plat Iunn, mul Borlund 'Iurho Puscul wal' I'iUlKt'lI
11('('(\11,,1' (If it~l PII\Vt'I" (la1'lt' of 1I~t', awl I hI' fi\IIli1iIl1'it~· of thll author with itl, 'I'llI'
('Ollipill'l' 1I~(1(1Wil~i initiullv versiun :i,:'" hut WI'!,iOIl i WI\S lL\'ailahh' hy tliv tim(1
III<' Ilnul ('(I(it' waH l'ompill'l!.

- i;l'Iu:C;(~; hllll\IHII',!' Wit'. 1'I111',I.l!"!'tl, hut ill tlml IIIlIt tht, Horlund pnulurt ",a:1 nulltlilhh,;
o(IWI' lIIi1l1l1ful'itll't'f',< 1'lIlllpih'", t~HI'[II"II£t) \\'1'11' 1IlIII'XIII'II!,'\'I', UIHI thl' Ilurlund implt'lIu'nlll'
tiou nl' Pa',nll wa- nut uuv mon- limlll'll than (' \\'a'L



4.6 Summary

'I'l.e ll<h,i,,,ll of t I,,· LIlY i'i11(l}lOl'till!\ nppnrarn«, rig and runt rol hnrdwaro was
111'!"I('l'il.('<iill this dmpt(·l', Til!' (\I'sigll was \,!,l'~' 1'.1'111'1'111, p('l'lllittill~~ It broad l'ung!'
of oxpvrinieut at ion to Ill' 1'011( I1\1'1 (·d, However, all thI' ('qllillllll'1lt dt'!"I('ri!lt·t1ht'r('
WlIS iueupnhlr of nuv ('olllplkiltl'lj u('(!llbil iOll 01' control wit hout t hI' 11l'('SPIH'I'

of HOlllI' rontrollinu I'oftwan' 0\1 t hI' mulu rmuputor, 'Iii this oud a !ll'lth-at('d
('<I1I1Pl\tl'l' progralll wa;; ,j{'\'l'lopl',jlo routrol til!' I'in. und this i!4 dt's('rihl"l ill tho
i\)lIIIWill~~ rhnptvr.
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4.5 Overall design conslderanions

Avoidance of corroslon

Ex('('pt fot' tlIP Iront wall of tltl' Pl'(,~Kl1l'1' tunk HOIlH' smnll pip I' littingK awl
I'IlP Ilnw valves. t IH' romahuler of t ho l'in was eutirely nou-corroslve, This was
dour to nvold poor LJ)V Si~\lHlb ('!uls!'ll h~' fouling of t hI' wator by rorrosiou. III
provlous tl'sl rigs al till' nuivvrsitv, tlH' II!'!' of a ('ilS! iron pump uud muuv metal
('OlllPOIlI'U!S 1'I'slIlt!'(1 ill 1HUll' uud llohir L})V siguals anC'l' It day of operatlou,
Till' Pl'C's('lll SYHtl'lll roukl nporut« lor a fOl'tlligilt without HllhHt:Ulltial d('gl'a(hll~~
of' till' LDV sigllal. I')\rl'pt Jill' 1if'1 tlilll~ (If 1i1'(ltlilH~p"l'tid(';; whleh }'1'1111Itl'<I hI a
<l1'('1'('I\SI' ill the' (lata rut«, wh:('h had to Ill' ('I.lllltl'l'il('I('(1 siluilly hy adding more.

Avoldance of olectrlcul lntorforonco

COlll],t)l mhlt'H 10 til!' valves 1'1\!'l'it'(1 it :.l.1OV ilualogul' sigllnl, whllo tltt' solenoid
was t\('tnatt'd wit It a :.l:!O \' :\(' slIllPb'. MOr<'OVI'l' tho tPllljlPl'at uro coutrol ('[\hlpH
wore ('al'lTillf~ high current 'If :ISO V. 'I'hus ill W'lH'ral tlllll'(' WIlH 1\ lot of d(,(,tl'i<'ni
noise SOlll'('PS in tIll' laboratory 10 inlpl'f('l'l' with Hl'l1sitiw t'ir;l1i\lH Hudl11H those to
tho valves. Ttl !il)('l'ilkall~' uvnirl this prohlom, all low POW(lt' nnnlonuo lluos WN'(I

~:ltic'hlc'tl from H(l1U'I'Pt, of lwisl'. b~' running IhNU ill tIl'lmratr (,(tl,t!tptl couduits.

Snft;ty

Duo 1.) t ho Iact that tho !iYH(lllll OJlI'l'itIP(1 nt Pt'('HH1Il'I', Hnfrt.y waH of eoueorn,

Vnl'\ouH (IC'Hign tll'{'biom; woro uuulo to niluhuls« unv duugor, whllo Hoi int('l'fl'rinA
with t 11(1w()l'kill~~of (lip rill. All unavoidnhlo risk wns t1mt of (:11('pip(' broaldng.
'1'111'1'(' was uo Wit~· ill Ihl' current tl(':;ip;1l to uvoid all tho wator from t.11I'tank
diHdm1'p;illp; onto t11<'Ilnor, hl'I'alls(' 110valve roukl bo placod upstromu ofth(' 1~II\HH
IIi PI', However 1l1l'il~IIl'P~ \\'1'1'1' talwu to allow quick "puting of tilt' tank Pl't'HHl11'('
should auy such 1'\,(llllllalily orvur whilo till' rig waH under 1l1'(IHSUl'('. Th('sl' woro
ill1j)I1'uH'IIt:(ld ill tIll' ('01111>111('1' I'olltl'ol ,,:VHI'plll, dp,ll'rilwd ill tIll' folluwillg dmpt.l'l'.
('Oll('I'l'llillr~ till' llos"ihilil:v of 1)11\\'('1'Iailur«, nil valves W('1'1'dlOl'Wll to 1'('\,(11'1to the'
l':nf(INtp()~Kihh' position nudor sucl; ('Ollllit·jOUH; Ior instanc« tho ail' HoI('1wiclH on
Ill<' lll\l'), of t IH' t auk l'(lll'iI!'it'1i air if 1)()WI't' WilH 1'1'1IIOv(lll. and all tIlI' downstronm
val\,(IH l'iO:;('ti • ..:\Hm. llliolll'd rurlk-r. till' 10\\'1'1' tank could contain tho <'utirl' rig's
wnter. III1lH HllY llhwl!1I1'f\l' of the tig (\I\(' to 11l'llfltlu·tioll could h(1 coutaluod. All
othor Hilf(lty lll(li\i41\l'(lH \\'(1)(' illlpltlll\(llltl'd via ~oi"\\'i\rl" Ior iustall(,!' tho progralll
would illllll(l(lii\l(ll~' {thor! unv !(lst il' nuv (lr1'ol' ('olltlitious \\'1')'(1 (Irl(·(t(l(l, for
itl;<talll'lt (l\.(tl'·l'all!~,(·(Ill tIl!' pililoll positioll, CIt'1,('1'0flow 011 tIll' lI()wlIl<'!(tt' when
t !tN'(' sllllnh I hnv« lux-n llow, Till'S!' :,ali-l~' li'a! 111'1'1' m'(1 t1isl'1lSH('(1ill ell't nil ill t he
IIPxt dm}ltl'l',
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Tho solenoid valve roqnin«] a 2JO V AC' I'ip;lml to (1)('11, 'I'his was supplied from
a f01l1' dl:l1111('1 l'l'lay box thut was driven h~' digi.nl lilll'S from I h(' PC3(j card.
'1'11(1:;ip;llal from !lIt' ('a1'd wav mllpliliP(IIlHillP; a trnnslstur bridge l tho relay box
hurl it;. OWl! 12 V ])()WPI' ;;1\Jlpl~') allowing IIIl' 220 V Input to the' box to ho
clin'('t('II out via four plugb 10 vnrious eoutrullahle 1i:'VicPH, '1'11<'solonokl WIlH
dir('c,tly snppllod with current from this unit, The other throo ehauuols W('1'I'

used for 01,11(,1'l'OlllPOU('lll H,

4.4.9 Tho flowmeter

TIlt' llowlIlt'tl'l' unit WIlHc\l'Hr'l'i1H'(l curlier, ill HI'('tiOlt ,1.2..1, 'I'ho rcmoto 1ll(l1Hllri>lp;
unit connuunlcato.l to tlil' routrol tmit Imountcd ncar thl' romputor) via a serial
link. A v<tripty or Hh\lwlH \\'('1'(' uvnilnhle Iroiu this uult, among them a ,1·~20 IliA
I;irlllai. proporttonnl I (J I lIP Ilowrare ill til<' lll'I'-HPI rango. .\s with th(' valves, it
Will' trivial to ('OIlVPrf this lli'~IHlI to voltng(', IIN'(' (1l11hratiou was hnpurtuut,
Hitl('(' tho IH'm,!] vnluo of 1111' voltnrw indlrutt«l Ilowrato. Tho AD card \WI"

fa!'IOlS ('aliilmtt'(l, h1\1 it was 11lII '('1'1aiu \\'1I('t.lt!'1' thiH cnlibrution was correct, It
waH cll'l'i11,'(1 to leavo 0111.(lirl'I'I. ealibmtiou. 1'lltlH'r to uso I,DV chIli! to cullbrnt«
t II!' twit Inti'!', This l>I'O('('S~, curried 0111 ill S(l( •ion i,5,3 on pagl' 12,1 showed
that 11 ('1'(' wus iut\(·ptl uu ('no!' ill till' Ilowmoter, quitt' pl'olmbly due ill part to
till' AD card. Cnllhrutiou by this lI11'I\11SWIIHadopted bocauso it rovouled tho
lotal error of nil t hI' rouipunouts of tit!' IlH'IIHUl'Nll('ut,

11.4.10 Pump & tank control

Tho dowustromu pump- it Hiugl(l llhH~('. 220 V cI(,\·k('· WIIHsimply eontrollod hy
1\ chunuol Irom tho l'('h\~' box (\t'S('l'ilH,d parliN'. Vnrlou« ('It'llll'lltH of til!' Pl'NIH\1l'(\
tall], shown in Iigm'p ,1.a WP\'I' l'ith('l' ruutrollahlo or coukl 1)(1lllP!\HIIl'('(1. Tho
Hllpply !\lltll'(>!it,r l'O]l'llOitl Oil tIl(' back of tho tank (winx! ill pmnllol) could 1)(1
opoued or dOHI'(1 sinmltnnecusly hy Hllllplying it 220 V :;igllal, 'I'ho small hI('(lll

valvo wus also netuutod h~' 220 V, '1'11('other d!'vic('s Oil th« tank wore It prossur«
ll'IIUH(ltWPl' [Wahmll Smith lllo(h'} 5a701307. rallge' () ~~:l,5 hal', ,1,- 20 lilA Hi~~llaIJ
and a l'lH'OHtat lin' HI'IIHill1\ Ill<' piston positlou, Both Ih('HI' Iluits returned all
nualoguo liignal, nut! thl' ncquisltion ('lmll1wls usod lbl' thoso tlt'vic-I'li In'p shown
ill tnblr ,1.1. 'l'ho rhoostut. bl'iul\ a l'l:;istiw r1PVit'I" luul to lw supplied with It

voltugo, A twolv« volt Iiu« from lhl' AD 1'Ill'11wa« brought to tIl(' rhcostnt, and
via a rdllllll(' cirruit, 1111'OIlI}!HI W1\Hluought into 111('l'!UlI~1'(),·,lIl V, fol' tIll' outlr«
mug!' of roturion of titl' dl'vi<-('. 'I'll" Ih)sitioll of I1It' piston was iuf<'l'l'!'d [Will tilt'
support Ihlmsw, lIsin!', It pullov ou Ill<' rhrusnu Ittta('h(lc\ with ji •.;hillg gnl' to tho
lilllmgl', Tnis pl)Hit iou inlonnnt ion was ItsP(l for hlllt'ty purposes and to nsrortniu
whot.hor t lu- tank was Iull, t luis Ill!' ilUII!'I'<'isioll of thiH simplo 11:'l'1lUr 'lIlt'llt wnx
not lmpur: uut,
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4.t1.7 Analogue I/O system

Many of til!' perlphornl rontrol aud urqnlsitiou devicos required or returned nn
anuloguo voltngo Hilwal- till' linear urtuator uhove required u (J -10 V, while the
UOWllH'{.('l' I'Pt.Ill'll('d a voltng(' ill thiH raug!' , All E!\~h' oloetrlc PC'aOB annloguo
arqulsitlon curd was IlHI'{ll0 rend ill awl put out analogue data,

This curd was mounted in t II!' main computer, and lu l 1\\'('1\'1' analoguo dULUlH'l:;:

four fill' output aut! t'hllit Iur iuput. 'I'll!' resolution 0; tho input chuunols was 12
hUH, ill tho rall!~(' () -- 10 V. while oulv two of tho output dUUlll1'1H opornted at
12 bits, til<' remulning two ouly :mppli('{1 ~ hit resolutiou. Iuterfnc« to tho curd
was via a 50 pill 'D' connector Oll the hack of the machlno. A shielded cnbl«
was mad« up, to I:ilkl' t 11('Higllal ('Ollll(,(,tiOllH from the hade of the computer to
It ronnoctm; box, Tlds rounortor box wa« properly shlolded and oartliod, nnd
on it!' front fat l luul t\wlvt' BNC ~ haYOllPt connoetors, to allow tho H('Immtl'
nualoguo chunuel« to 1)(' (listl'illlltC'(\ via co-axial cnhl». TIl(' inputs awl outputs
W('1'1' couuoct«! IIH shown ill t nhlo ,1.1 below:

Table ,1.1: 'I'll!' uunlonuo connretlous,
Dlroction if<:;;;;il1tliltl 'T'h;'l;;;;;r tr~\:----"--
'-illlmi:-- 12~~"' -(y~~~.-~fic)Wlll<'ti-,l'---

--:,r--'- r~~--,tault pr<;Hin'{'
trunsducor

~-' -'- ~2 'llistOllpo."-:-'i1:'7;i(-n-l-H
12 ' ,-~ "7~:7~'~'=~'1iUil~--

'J;u'."WC:il,('tl'o-
pneuiuatte valve

f'":'~'-----+"H'l1l!tll I'I~;:-~
pueumntl« valve

.-..-,,~-!-'Hli{'al:n(1.illli7li~-
"-«"-"'--'~~'-f"",~,~,,"·~~- ttl'I\t.~(r=-~"

output

TIll' AID curd 1\1:-10cuntuinod 2,1digitnllilll'H {nuotlll'l' 8255110 chip on-board),
HOllH' of which WI'1'1' 1114('(\ for contrnl of til!' ot 11('1'elomonts of tho ri!~,

4.4.8 Valve control

'1'1H' two ok-rtro-puoumuvi« valvt-s W('1'1' eoutrollod uHilli~ thl' IUHtl()~'.II(l output
channel» shown ill tuhl« ,1.1. 'I'hi» ~igl1al was (]nliJV, whilo tho valvos 1')\1>('('('(1 It
,1 .~ :W mA Hip;ulll, TIll' OIH' was ('aHily ('om'('rt ('(1 into tho other hy the insertion
of l~ 50() H 1'I'sistol' ill H(ld!'ll with tho sigllal. 'I'hia WIIH dou« at. thl' valve, Iligh
nhsolut« ,w('urn('y of til!' couvorsion wns not Important b(,(,(t\\~(\absolute valve
ojH'niug had 110 un-an ill 1·\: rat her rolatlv« po:-;itiolliug hy tlH' control HoflwlU'('
wns t IH' jll'l'l'('(lnii'>it(" 'I'll!' 1'('1'1111ant \'oltll!\1' I'ltug(' t () oporato t11('valve WIlH thus
2 ._ 10 V, t he lower Hif!,llill just uusont iug t hI' ti('vi<'(',
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4.4.5 Position control devices & limit switches

Stopper-motors 111'1' uccurat« '!i'p(l-fol'w1ll'<l' dpvin'H, ill that tlwy can Ill' moved
to IL <'IIOH(,11 (l('"tiu<ttioll without monitoring tllf'il' motion or position. HOW('VPl\

ill tho ('\ll'l'('ut context, highly 1\('('111'111('infonnatiou could uot bp gatherod Irom
their Pl'()HI){'('UV(, posltiou« , fi1'~tl:: 1)('('<tIlHP of backlash in tho j:\pnrillg systom of
tIl<' 1>(111('11, and SP('OlL<lly 1)(,(,!ttlSl' tho motors wore prouo t~;mlssiug Htt'PH from
thuo to HuH'. Considerlug tho linear uctuutor, this devlco returned extremely
crude position lnformution, from It simple rll<'ostat mounted on the gearbox,

III order to acqulr« nrrurat« 1)(011('11position iufonnution, linear posltlou encoders
['l('lwl IWM50('/lOO S(lri<'Hj W(,1'(, atta('hp(l to tilt' transvers« and v{'rH('ILI aX(,H,

while It rotary euco.lor [Tokol TI\(Wlj was fix('cl ('0 tho axial co-ordluatc of tilt'
bench, Till' rota!'," d!'vicl' was nsorl to 1'1'(111<'('(,OHtH (a 4,5m axial «ncodor wa«
pl'()llihitiv('ly expensive) un: I bp('a lISI' this axis dkl not roqulro high resolu tion,

All t.Itr(l, rlevlces WI'1'(' capulil« of l'C'MlllJill{} to 10 IIlll, although temporaturo
variutlon» a11<1Htl'u('('.1ll'alll('xiilility of tho ril~ 1'('<111('(1(1tl){' ,l('C'Ul'lU'Y of thiH figure
to about 50 Illll in 1'l'alily. Sigllals from all throo encoders W(,1'(, l'('la:,! ('<I directly
to 11 custom-bull] ucqulsitiou card in tho main controlllng computer, Thill devico
Hilllply had throe l'(~p;iHt(ll'H t hilt could ho read by tho computer. ouch contalning
tho current 111('I1HII1'(,111('111 from cousocutivo axes.

Limit swltchos WIll'C' att!1('1IC'(1 to tho tmvorstng bed in order to determine tlio

mnxlmum tl'lWl'l of tho bench, awl thus 10 uhow interruption of beneh movement,
'1'h('1'1.' Wl'l'l' Hi. wltcho» ill total • two 1>('1' axis - and the signal Irom tll<'H(,
I'IC'llH'utH was led (lil'{,(,tly to tho cnmputor vlu six input lill('H on a PC36 digital
I/O board, TIti:; hoard WIlK plrl'('livl'ly identical to half of the PC1,1 board
descrlhod ourllor, ill('Ol'JlO1'aliug only 1\ singlo H255 I/O chip. Data from thoso
lines Informed tlw ('outl'olling program to ('('mH' movement upon t!l<:<'iving tile
npproprlnto llmlt Higllal.

4.4.6 Measurement of small laser position

TIl!' small Irl\\'('1'l-1i1lg bonch only had 011(' t!llgrr.'(, of freedom, This nicaut it
had to h(' pusitlonnl It('('nratl'ly uoar tho lIow and aligned wit 11the pipe, '1'1)('
alignment pmcoduro it' dpHerilwd later, ill sectiun 7.2 of dWl'lI'r 0, Neither the
lll()V('IU('UI or posltlou of this 1)('111'11\\'1'1'(' governed bv computer: ruther manually,
by a(~illHtlll(,llt of It knnb, 'Io dotennin« ('II!' radial position aeeurately, It dial
r;ltllW' WIlH attn<'lw!\ to tho small bonch an: 1 monsurod itH rolativ« movement in
tho mllial position to within n,Dl nun. Ali WI! h tlwlnrp;(' unit, this ruoasuromont
Will' rl'lnliv(' 10 soui« arbitrary 1>1'11('11Htarting I'ositiou, and not to t.lw pip!', TIll'
d(ltnilH of I'ftlihrntiug this distunce monsurtunon! 10 roincklo with tho pip" origin
WitH pal't of till' dntn lH'()('PHsillg discussod in soctiou ;,2 011 Illtg<' lOa,
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t.:p(\ to l11(\IIS\l1'P time by allowing its counter to decrement from value 65535 to ()
continuallv, Tho rontrolliug computer program stored till' number of limps tho
('0\111t('r 'clocked OWl" to (j;J1i31i,and thus, knowing tlIP ('01111((,1' rato, the time ill
seconds of It SIH'<'ilic I'VPut could 1)(' ascertained. TIH' chip ('("11<1 use a number
of data sonrcos for a tiino hasp; t ho ('OlIlPUt('r'S dock (iuuccuratc), an Internal
osclllntor, 01' au oxtornnl (lata lim" To achiov« a uniform time base betweou
all three rumputors, this timing chip in each slave computer was synchronised
externally with a signal from IIU ideutical chip on the main ('OlllIHltC'1"S 1'(,1-1
card, '1'1I\ls au~r IH'('d for svuchronisatiou of thue 11l1S(,H between computers was
avoid: (I and only tho main computer cluck u('('d!'(l to be calibrated.

TIl<' primary function of tIIP slav« machine was simplv to act lis It 'memory-
box', with tIl!' ability of storing larg!' quantities of LDV data whon told to do
so, III fact tho usc of It computer ill thiH 1'OIt·was only decided upon when it was
realised that tho assl'llIhly of it simple memory buffer would be too C'XI)(,ll~iV!':-
TIl(' oconomy of scales resulted in an entire computer costing substantially less
than tho development of a cit'diC'atp<1 IlH'1Il01'Y box, 1'1)(' absouce of hard-drives
and other high s[lP<'ificat ion peripherals was simply to keep the price low,

4.~1.3 Stepper-motor chive units

Tho two horlzontnl co-ordinates of tho tmversiug bod W(,1'(, powered by stopper-
motors. Thoso \\'('1'(' controlled by a Digiplnu CD30 two channel stepper-motor
drive, which connected to tho computer via it serlal cop .ection. Commands Wl'1'('

iHS\!('(! (:0 tho box using sluiplo ASCII strings, such us X, 100. moanlug "move tho
x-co-ordiuuto motor by 10{) st('lIH", '1'11(, unit conld move tho motors at variable
rates, slmultaueously, a:-;well 11:-; a('('ph'rating and dorclomting them ill IL dlOH('1I
manuor. Internal !lllffpl'ill!!, of connnunds WIIH pormitted, t.hus tho box could lH'
instructed ill nil HSYIlChl'OllOUH mannor.

4.4.4 Lineal' actuator unit

III Ol'<1C'l'to control t.11('vortirnl DC urtuator IW('Hmt!'ly, It DC motor contmllor,
oporutiug Oil t Ii(' pulso-widt II priuriple", wa» \UH'(l. This HuH arroptod us un
input signul It volrago ill tl\(' ran!!,!' 0 .- 10 V. with [) V tho 'ZPI'O' positlou,
This voltng« "iguIII could h« provided dil'p('tl~' from tho nualov;ll(,/digital cnrd
(doscrlbod later).

Both stepper-uintors nud iH'tllatol luul a Sit1<'t;vInterlock that was eou ioctod to
a lutrhod rplay control. TI\(, interlock luul to Hp!'l'ifkall.v ill' <1(,[l'at.('(1 every tim!'
tlie system wns powered on, nud could hp Hl'tlHl.\p(1 by It button 011 tho front fl\('(,

of tho computer. tlms hlllll(l(hat!'I~' stoJlpiUA I\JI\' movement,

-7i:iilllply IM.it~~;<~~~uf l'(:~ri;~;~'~oltilg(' In slow I'll' motor, tho unit SlIllplips {L squuro WIWI'
at binh vnltug«, nud simplv \'arit·s tlu- width of thl' power puls».
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4.4.1 LDV acquisition sub-system

This system IIH mentionod ('Il11shit I,d of t hI' two klontical acqulsitiou rompu tors,
Those marliiucs W(,1'(' carh m:-'I compatible AT 2~(rl'l numing at 20 MHz, They
hnd no hard drlve - olll~' H C;illldl' !loll!>Y - but wore litted with <1 megabytes
(Mb) of l11Pll101'Y, They wore r-urh Iittrtl with all Eagle Electric PC14 rligitnl
input/output (l/e) card, to allow counuuuication with the LDV signal counter
and to spud data to IhI' main computer. The PC14 cards used till' de facto I/O
chip; the Intel H05ri, This ddt> allowed IIp to 2'llill<'S of high SI)('('(1 buffered digi-
tal I/O, Thl'SI' rnrds allowed samplo-aud-hokl acquisition to be carriod out with
the signal processorsi til!' card rould poll data lndopondoutly of the computer
CPU, which simplilied tIll' acqnisitiou software design consldornbly, Figure 'l.Hi
shews the data Iutorconnections hntwoon tho signal counter, polling computer
amI main computer.

(M IOl!6
COHT~om~

CNl

Fj~1ll'(' ·1.10: '1'11(1 digital data lilll's betwoou tho polling computer, till' slgunl
counter and th« host computer.

'I'ho PC'H curd abo supportt«! a vard-to-cnrd, dual handshaklng conununien-
HOIl, III this 1110(1<.. two P('H eardH in sepurat« computers could Ill' IlHU\l' tn
connnunlcnto with 011<' nnothor, This mochuuism was USNl to allow tmllsf('l' of
dn+ It ))('t\\'('(,l1 tho sluvo nuu-hiuo and t.he main computer. This rouuectiou i~l

shown ill Iiguro .1.Hi, botwoen C'N2-A 01. t ho Hlt.v(' nrquisition machlnc (on the
Ipft;) a 111I ('Nl-I\ 011 thl' IIllH! computer (on tho right),

4.4.2 Timiug

'I'iiuo haSl'lllfol'lllatioll on th« countor» waH provided by II timor clup 011 the PC},!
curd: the' Intel ~2ria, a hi!~h HP!'I'(\ Hi hit count-down timer. This chip could !w
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wln-r« «(max wa- th« mnxinnun ranue ot tllP Iluwiuoter. III the current ('asl'. llil'
[IoWIllI't.'1' was Sl't III hit\'(' iI iuuxiunuu mill',!' Ill' 2 1/1'0,

'1'111'l'OlllIW'W'd:l!'ul of IIt" LDV nrquisithm il'i hnlirutrrl h~' th!' IiIll' 0 Glnvo 1:
1I1'XI tIl!' valvr- b; PI\'"Oll1'lIl'd I () Jlll~iti(lll l:.!OO (I ho tutul rauge of opI'rat lou lH'illl~
!-iOO :c.c valu« lOH!il. 'lilt!, lwwd loop ('(lUO'oJ (0 PID 1) hi illstautiatl'll. All tlm'l'
of tlu'H(' rounuands al'l' "XI'I'l1!(I(! i;l'lll1(,lltiall~' at thu« f n, III thi~ purtlcular
l'aSI' II)" II'~I \\'a~ allo\\,l'l! 10 \'1111 1'01' j:i ~('I'oud~. at whh-h Iilm' tll(l dosl'llloop
(,OIlII',,1 wus stoPP('(!. it" WiiS IhI' LO\' dat it <lI'lllli:-itiou. Tit!' s~·1'oll'l.'1 autumutkullv
1'I')('iui(l(llll'('S~\II'(' 011 I hi' hl'iU)!'I' tunk. alHil'mnu(,ll zoro lIo\\' ill til(' svsn-m at till'
(,till uf til!' run-file: Ihwi I Ill' In", two lines oi tllb Iill' \\'('n' ill faet redundant.

TIll' mn-Iilo giwII ill 1i1',t\l'1' li,a h; unlv a pal'li!'lllal' illhlaw'l' of au expuneuttul
run-file: 10 arhk-ve tilt' vuriuus iU'l'lIll'ml ion« wwd Ilmillg II':~tillg, tit" vnrion« How
roust illlh' \\'('1'1' varhxl hllil ahb .. a:. Wi\~iI II!' dunu ion of Ihl' t ('"till!~, !IOWI'\'('l', all
til(' nm-Iilos allli UliU'lOs t, .xl ill twill 11t~' pl'l'!illlillilty t('!ltin!~ i\lId th,' linal
I'Xlll'l'iuu'lItatioll \\'('l'!' haH'd 011 111\' f01'1lI of tim!'(' !'IWWll ill liglll'l'H OJ, (;,2
and Ii,a allow,

A}l lll!'utitllll"\ ('arli!'!', Ih!' Hhullil' :i(,Ic't,tioil 1)1' llow l'ohstautH dkl uut 1\lIltt'l\lltl'l'
that a particular J1IlW ((lllltl II(' at tailll'ti ill Pl'at'tit'l', All optinuuu ['olUhillatiull
of \!1I' rnurrnl \'ah1l'HalHll'ig ~;I'IIhillS WI'I'(' 11I'('([I'I[ to Ildlit'W it dlllM'1l Ilow vuri-
II':' ,II. lIa\'hltt llIilllill\l'd to uttuiu •• gl'IlI'l'aIUlI'tht)(\ Ior IWlII'rntillg exponoutiul
lk». " 71 proliiuinurv invest h~i\1ion ushu; t hi' I.J)\' Ilow mousnromout lit'ViI'(' wmi
couducttxl. in I)nll'1' In nhtuln It gl'IIl'1'al 11ll't1ll'l' of tit" llnw phl'lHllIll'lHt ill t!tl'
pip", TIU' i()Uuwirl!', s('('lioll is ('0111'(':' ,",I with tlU'HfI prrlhuinntv iUVl'stir;l\tiOlu1,
un.l th« ('W('lW'II! lmuul (,()lIdllfliolil',

6.3 Prelhnlnary testlug

'rill' untrnnation of 1111' Pili in' Ilow llllJlill'lltllfi allow!',l .~quit-It initial inv('Htir;at.ion
of Ihl' Ilow: lit!' 1'01111'01 uuu'ro cuukl hI' 1'1111 as oftI'll a:, Ilt'Hit'I'c1. with Ihl' LDV
IIl1'ilHlllh1l\ volume pm;itilllll'd ilJlprnpriatl'l,\' Hl1~'WIt(lI'I'ill Ihl' How. 'I'he lioluwinur
oi' llil' Iluw wa~ initially IIllIIl>h,tl'l~' unknown: 10 uhlain 1111lultlnl plct nr« of 1111'
1I0w, a pal'til'lllul' l'l>po}l('lItid Ilow va-iatlou Willi dlO~(lll'l und th(' LJ)\' lll('aHlll'illg

\'01111111' WH~ IHhi1itllH'c1 fill' t!o\\'Wil l'!'Hlll ill IhI' l'I'llll'l'!ilH' of IIH' pilH',

l>altt l'il'tH 1'(\;;1111illl\ t'1'I1111t hi'S!' 1I'~itS \\'1'1'1' Ilrst I~' till' 110\\'1111'11'1' Ilall~ h,\' whlcl.
coiupurlson« ruulrl lu' nuul« 10 I hI' (':1\111'1'1('" llow variutlou, 1\1111SI'('mllU~' uu
LDV voludtv-t iiu« I !'an' lrom I h(' puint or iuonsureuiout. First lv, 111(' rollowillg
,,(,(,('j01! (li',('u!'~;I'~ I Itt' [',I'IH'rh' Pl'("ll1'OI'p"siup; 1I(1I'!'i'~IlI'Vto llIilk!' IIii' 1,1)\' rlutn
1l1I)l'I' usolul,

1':'hl' vUI'iiltilill ill Iurt t'lIll<\Hillllllll'11 til t III,t "hilII'll 1'111' till' tl'~l EXl'E in till' !'lhlt· 7,11\iVl'u
ill rlu- I'nllnwIlIl\ dll\p(l'l,
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Ruu-Illo coutrol

'1'111' ruunruuul RUN: EXPF IlI'(I,',!'!'1 iH hot II ligun'H Ii.} awl U,:.! if' contrul to tlIP
.wt Hal ruuuim; or 111(1purtirulur t(l~1. Thi» ruuuunud ('XI'I'IlII'N till' t'Oll1pilt'd
7'IIllojil,' wlIul'Il EXPF, TIll' lnfonnatiou ('olltaitll'lj ill thh; ruu-Ille )ll'l'taius to thr
nrtuul !t'Uf',tlt ol' 1(I~lill1\. uurl tlu- u.uur« Ill' til!' llnw varintiou ill tim«, TIll' 1'1'11>
urution of unnnal ('(lUi rul (int 1'l111'I't I'd mucro «unuuuuls) all<I ruu-tim« ('Ollt rill
(t !tl' nuupllvd run-Iilo \ wm, 1\l'h{'dhpI\ lu tlpl ail ill 1"'('1 ion :;,2•• lIU! was 1l('I'('!,}lltl'~'
1(l HUn\\, IIukl,> halt, and Ih-xllih- rlut it HI'((lI!',il inu anrl rcnl-tluu- ri!~control. Th«
1'1W·Jil(' EXPr' 1I"!'ll ill 1111' lllil('!'!I!, 01110\'1' hi ,,'\\'11 ill JiglU't' (i.a.

y. Accoloro.tlon Novomont filo, Exponontbl E
%
% Vl.'.luoo of tho pu!'um('tol'O fo~: oxpol1ontiul
% pltlt:lO. 051, plt200. 03, pltOoOi
% Q I:l Q=max * (PI{O + Pia II< \lXP (PI(2 >fit»
%
o Pl{2
o PKO
o PKl
o PTY

0.03
0,0
0.061
2

0 ola.vo 1
o V"lvo 1200
;J PIO 1
IS PIO 0
76 SlavCl 0

Fh~1Il'1' {La: A I'll II·iiiI' 10 ('ontl'u\llll' llow to it )Hll'tknl!ll' ('xptllH'lltial !\('('I'l(ll'ati()ll.

nnd urqulro Ll)\' linin 1111'1'<,1'1'0111.

'I'lu- % symlml iwlkill l'~ t hut IIII' rest or I Ill' IiU(' is It rnunneut. Elldl line ill th('
mu-Iih: ('lIll:ii~t., or t 111'('(' part,,: t hI' lil';lt uumlu-r IH'illg I hI' I iUlt' of exocutlon ill
!,(·t'tlutl1'l (~.I'l() Il1'illl\ lilt' (,OIllIlIt'Il('!'llIl'lll of rX!'t'lItinll of tlit' run-lllo eunuuarul
o PIO 1). tIlt' },!"'(llHI " mucmouk- 0 111'1\11111<'111 iutlit'atiug what uetiun to 1111(',
uud tht· JillItIIHIl'tLUll't('1' tlil' value till' iu-tion 11IllHt tuko. '1'11(' run-lllr shown
in IiglU't' (i.a l'llw,j"l ... 01' twn pnrt-. 'l'ho lin.;! 1'0111'cnumuuuls l"l't tht' vllhwH of
tilt, mutl'oJ (,o!li'ilal':~.: thl' nnu-uroui« PTY 'Vi\!' HPt til value 2. illdimlillr~ that all
oxpouentful i\1'('t'h'li\l ion Wi." t!t'i'ih'p(I", 'I'h« vousnuu« PKO.PKl and PK2 \\'<'1'(' fit't

til tIll' ill!1imtpt! \·ilh\!'~. ill 01'(11'1' to 1'.<'111'1'1\11' II llowruto varialioH uf tltt, Ionu

CJ· (Jum" 'I< frl{O I PI(l ('~JI (Pl{2 I)]. ((j.:U

'1,\ vulu« IIf U ill.Jjralt·.1 it liUI'·II' Iluw vananou, willie' 1 ]Irlll1n('(',111 "lUllliUi,IIlIIl!H', Th,' othor
Ihtl''' ntllMlllllli. hild .1111\01":11 in!l·!'J1H·latilill'. Illl't1fflinl\ III 111I'1\'1)(' ,,£ nnw ,It'!oirt'll.
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till' al'tllnl t(1stilll~, awl b (11':'('l'ilH't11wlow.
TRANSFER: Hl'tl'it'vl' Ih!' (lata 1'1'0111 tlH' LJ)V ttt'([uisitioll ('OIllPIlIl'l'H and store it
IO('ally ill 1l11'l1lOI',\',

VIEW: EX('('llll' Ih!' illt "l'ill'tiw 1',l'aphkal \'il'wiull shell. aJ1()\\'illl~ t 11('user to view
till' I,I)V uud Ilowun-t 1'1' diLI.t.
INPUT:VARS, '" I'roinp: thl' 1I!,a'1' 1'01' it HII' nmn« unrl filo1'l' it ill rh« variable
VARS,
!'lAVE:VARS Sa\'(' till' LIlY awl 0111('1' dut it ll~iillg til!' !ill' llalllP ('111('1'('(\above,

'1'111'1l11U'l'OI~i\,(,ll illli",lll'l' 1.,1 11I'P(\to(\ ll}:('l' iull'l'at'(ioll to vlow tilt' dutu, awl then
to outer II lil(' umue, III f'OlIl\' l'iUW,i wit!'!'!' it was lU'('(,~fH\l'Y to l'('IWal ILl!klontieal
run it 11111111)('1' of t illU'o;, II ;;illr',11' IlIiH'I'O could lit' itnph'lll('utl'd tn llI'hi('\'(' lllifi.
Fig\ll'(' 0.2 "huws a 1~'l>it'il1 siu-h IWIt'!'U,

INFO: Generic uccolo:t:ution mucro ~ multi -obon
RE:THAGT:
SETPRESS:2
CIJANNELS:2
SETTLE: GO
PRESSURE:
SETTLE: 2
RUN:EXPF
TRANSFER:
SAVE:EFO_OOOO
SETTLE: GO
PRESSURE:
SE'I'TLE:2
RUN:EXPF
TRANSFER:
SAVE: EF'O_OOOl
RETRACT:

END~

Fi!11Il'!' Ii.:!: 'I'lu- l1\1\1'\'!l tu (')\('('1\11' 1llllltiplt, urquisltion runs Oil tin' tU'![lIiNiti(lu

S,Vstl'lll.

III this nuu-ro, Ih" :"'1[\11'111'(' III (,\,pob; 01' th« illtl'I'm'li\'(' lIUlI'l'O !In' l'('IH'n!(I(\, hUI
t hI' iutl'l'l\('t 1\'1' 1'lIllllllillllb ilr(' muittwl, 'l'he I''\PPl'illll'lIt h 1'1l11Ill11lt Iplil litUI'H h,v
l'I'p('atilll\ tlu: n-lovaut I'UllillHIWb (tit!'!'!' \\'('11' onlv \'!'l',\' l'I'I1(it' l()Opitll~ vmuuuuul«
(\I'\'h;('ll for thll cunuuuud iutorpreu-r), III IhI' 1'\U'l'l'llt iruploruentutlou, tlu- t('}'t
\\'a,1 1'1111 Iwit'!' 1lI'ltli I' I'l'd1<\1'I',i11I', 1I1!' !t(';ult't' I ilul:, Dut u waf< ('xplkilly fllw('c1
t () purt knlill' Hit, nn1III '". B~' l'I'I)1'alill1\ t hI' murro 1'1'111\1111'111, t ht' I(,NI ('tmltl 1)1'
l'!'Il('i~t!'ll all <It'hit rat'," UlIIU],!'I' lit' tiuu»:
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up from f 11<'hut t Olll ('all'hllll'lIt tank. TIll' 1'~'!,tl'll1 was t lion allowed to sPit 1(1
for a filiI!': tllC'l'('ai't1'1' IiiI' run was iuitintvrl. At tIl!' (,UI\ of th« Il'l't, tltl' muero
tranl'lfl'l'l'I'(\ LDV clal a Irum IIII' <ll'lllihiitioll rmuputvr« to uiaiu coutrollor, llis-
pluvod this iulonuution. unrl thou t'iLw(1 It to lilt', 'I'ht- ll()\\'llll'tl'l' data, whirh
was arqnirerl lorully (lU I hI' control cmuput vr, was ahil' ~a\'(',1 10 lilt' at this I'Itagl',
Fil'.l\1'(' 0.1 show« II uuurn Il~('d ill Ihe' rlllT('lll 1!'still!\,

INFO: Gonorie accoloration macro - 1 Ghat
RETRACT:
SETPRESS:2
CHANNELS: 2
SETTLE: 60
PRE:;SURE:
SETTLE: 2
RUN:EXPF
TRANSFER:
VIE\~:
INPUT:VARS,EntOl: filo numo to oavo (lIAxaxxxx):
SAvE:VARS

END:

Figl\l'l' (j.t: 'l'lu- n.nrro 10 (')((,('111(' a :ii!II',It, at'lllli"iiioll run (Ill t he ncquislt lou
....y,,!(·lII.

TIll' S('qll('IlI'I' illit iall'd h~' Ihis 111III'l'Ob HS follows.
RETRACT: TIll' h!'iu!t·\, t.uik hi l'('('hm')',I'c1 by pumplm: w.lll'1' lip Irum t Il(l lower
141Ilt'ill\!, tuuk,
SETPRESS:? TIH' 111'11111'1'iuuk cuutrnl pl'('~i:'1U'I' i'i :,('1 10 ~ bur. TIll' HI'II\(\llll'('H>

1'1\1'(' \\ .. 1',OW1'1I1'<I pl'ituill'ilv hr II muuual :'11JlPh' l'C'r.tllalUl', the control hl·iu)';
illlll}t'IIH'IlII'11 h~. II11'1IUH III' it hll'('11 Irom IIII' tank. III this I'Wi!' 111(Il'('glllatUl' WlU,

}il'l to 1 hal'. SI't! iug Iht' e'Ollll'o} }l1'I'}iHIU'(1 III ~ hill' pJ[t·(,ti\'(lly ovorrudo t hI' cotu-
111111'1"11lll'l':;~i1ll'1' ('oull'olull'l'lulllh:lll. 'l'hi« wa~ to allow Ih(' Pl'l'NK1ll'(' to illt'I'I'a~(I

runt lnuully d 1Il'il 11', !hI' l'al'l~' ~,IiW· ...of I hI' tl'~I:!. wit hout Iwiu!,: liiuit ('(I at 1 bar,
'l'hi!'i coumuuul (liel nut !'aW,I' Ihi' t HU!' t () Jll'I'N~ltl'b(l: it ulI"'('ly h('1 th(' runtrul
lvvol,
CHANNELS::1 l'w oulv IhI' ~'I'('()1111LJ)\" dlatllll'l flH' }lollilw, TIH' m"'.II111(·lIt Wlnl
dHlllIII'11 til a (!(II',kal 1 on ~)ill Ih,' I'm,!' wlu-r« hoI II LUV ('IUIlIlII'IH \\'{l1'1' 10 11(1
IlOUI·tl.
SETTLE: GO \\"nil {in' (ill :'('('01I!h; 11I'lil\'l' I'(llllillllilll\'
PRESSURe: Pn';;:;lll'iw 1111'111'1111<'1'tuuk.
S~TTLE: 2 \\'ait lin' two ;,('('oHlI': hl'lill'l' I'olllillllitll\, 10 allow t)1(' Ill'I'SKlIl'l' 10 Ih"
wlop 10 11 -uituhle }t,w),

RUN: EXP1~EX('('1I11' I lu- 1'1I11·lil(· , IInllll'll ill I Iii;.;I'il~(' EXPF, This run-Illo ('OUli1H'tH

JTIII' hltl'l'l\' ttl I III' lI'I\III.lIur 1'.'01'1III l~uI I hWI 111'11, t,111h tlmt it!ll,l't Ilf('!t ur« of 11U(' \'nr W.I!1
"lib' [I'I\('hl'll aftl'r allllllt III ",'1 "11th III thh 11'.1\' it "'01', 1'll!,1lf1'11 tlml till' prl'!'!llIn' \\'.111hll\'('r III
1111' hl'l~illllillg "I' (lit· 11",1, t 1111',..lIl'r uvolv all"\\'llIl~ I lu- valve !II rout rol mot« lit ('1ltilll'ly lu-re.



quick rospons«, I'lilH'I'iailr for! Ill' illlpulsiw ,it art t, It was decided to 1'('stl'ic't. th«
workuu; In'('~slll'(' lhl' ull tho (('sis to 1 bar. Ibl' tIl<l 1'1'11';011 that a l./i hal' working
prossuro Wil" h" ! 1"n'd too dos(' to tltl' Ill'sigH umxiuuuu fin' tho S~'Ht(llll, 'I'll!'
rhuson l'n'~' 1'1' 'i d\'pl'!'( I1l!\I'(l'lat I' I'l'SIlOlli'iP lor t hI' 1>1'(>:'1'111I)1U'I)()~("

Valve dwi('(' \\'mi iuiti<db' l'I'Htl'it'I('\1 h~' availability (tlu- smull euntrol valve was
not PI'I'SI'Il! at Ihl' ronuuem ruu'ut or t('stillg). awl ~iO tlIP (lady tl'lits W('1'(1 ccn-
t1ul'tl'd lI~illl\ tlH' lill'P,('!' valve oulv, It \\'H~ l'('ali~(,ll that thl' hig valve was not
optuuum {'or tllP 10wI'1 ;I('('l'h'ntiow" ;.. -I thus. smaller (lUI' WilS iUstaU('(\ fill'
tho filial Irw tl'''(~, As \1'('11 il~ ,xhihitil i~ 1)('(11'1'1'(IS}HlllSI' at the IOWN' Ilowratos,
tho 1I1'W valv« ullowed luwcr iuil..1 illll.nh.h (. Hl'YllIlhlH uumhor« 10 1)(1 at'hi(l\'(l(1.

The dlOi('(' of lit at it' valv« :,('11illgs was «uuewhut arhitrary, Cl'u(h'ly. t hl':;(' valYl'~i
\\'I'l'(' IUljIlH(P(1 }'o th.u til!' lull wu1'ldlll'; 1'(111)\1'of tIll' routrol valve (1111'0)' '.ttl:;l'(j
tIll' Iull ralll',1' of th« It',.!. Fnnu tId" iuiriul e.tlmato, til{' 1i1:tillgH W('l'(' Wl'tlil'l'

optimlscd by ()hSl'1'V11l!" th« tI'~i\lltill!~ Ilow «ud muklna line mljl1HtlUl'llhl 'H'('ord·
~l" III pal'tirlllal'. tit!' Jlill't of (hI' Ilow 1ll0}'1 tU'IIi'iitiVt' to th('N(' ml.ihHIIlH'nIH

sa:1 t h" impulsiv« sl ill't awl tln- llow ilullu'liial PI,\' Ihl'l't'aft('l'. lTlIf(ll'llltmt(ll~ .. till'
ln-luwlunr (If 11th. IH1\'t of till' llnw wa~ 1'0111>1<'11to t 111' wn~' til!' lll'(I:-l:1I1l'(1 hlt'l'l'lUWI\
at till' sturt of Ihl' 11'~1 !~'I'(,polut 1 allow] awl rhus nu itl'l,("tiV!' snlutiou waN
omlnuhed upun. TIll' l'lilt'ria \\'1'1'1' that till' rosnltant flow had to show lit! UY('l'·
shout or otli('l' mununlk« al iucoption, whik- :.till tu hievlng th(l ehosou maximum
flow rate lator In IhI' tl'~it,

0.2.2 Computor control

'1'11(' Illll'l'iltioll of ,III' rig and :tt'llllhitiou or data (\lll'illll 1\ run WHH controlled
(·{)mpl(l\t'I~· h~' IllI' main (",1I1}1I111'I', A~ shown ill dial)!!'!' ·1, lhl' l'ig could 1)('
eoutrollod bv 11I1';lIIH or (Ylll'(1 eoununuds i:iH1\(lll to i11<'muln rontrul rmnputor,
(ll'llll(lfl (If ('lllllllli\lllh; l'oultl \1(' l'olllhlll('(1 ill It lilt, called 1\ IIHU'!'O, nll()will~~ au-
ronuu ion of HlI~' :;('11111'11('" of I'llI'll romuuuul», III tho IH'('Hl'llt cnso, control of
thr I'XIltll'l'utinl Ilowrut« 1111111l('lJ\li~liI iun ()f I'll<' 1,1>V (lat Il Witll imllit'UH'lll.l't\ via
it nuuro uiul nm-Ill« [SI't' !4'I'tiol1 :i,:.! for all il1tl'()llul'linu 10 Illl"'" control lilt'S);
tIll' mnrrn ronnullini; thl' rill I!lll'ill~" pl'itllill!\ allll N('tt.lil1~~1whilo tll(l l'1I11·1i1('
runtrollerl 'hI' nrt ual (I ;.linf\,

Macro control

'1'111'!'.I'lll'l'ill Ionu ul' thv I'X}Hllll'lllial cuutrol murro wns initially ovklout, aud all
li1\]ll'I'(l'll'llt IIUlI'I'(lS I\~I'II ill t ho I't\ll\~' \\'1'1'1' llm,l'(l un tho Hi\llll' 1lI1U'l'() tomplut«,
III short, dll' 1l1ll('I'0 ('Wimp( I I hilt t hI' hI'H(h'l' I uul; wn~ 1'1111II,\' }llllllI)iIlH wat or

hll',11 \lH'm,lIf1' tlri~IIlI',IIl·,ltl with lluw It'!,trtrll·tl. ('UIlI\lllH'11 tn i\ low !lft'lil,ml'IlrlVilll'. h('lul
with 10\\'1'1' nu,Uh'IIUII, ill!' 1111/ "'IIIII',IIt·1l1. I'\'I'UI£ tln-v l1'Mlll ill till' !.ilIW 1<1('1\(1,\'flmvmtr, Tlu'
dvuuuur \('''!II'IIW of Ih., .,\"It'1lI (i.«. ,UJ!dI) I" l!tn'l,th' propurtiuunl tn IIII' IIrivinr; £01'('1'. 1111
nt lu-r Ihhll\!i I'Piul', 1''111,11.
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0.2 Flow control

Porhap« tho 1110:4 importunt H:,PPl't of till' I'XIH'1'iIlH'lllalio1l was Ih!' i\('('llrall'

at! uimuont of u11t'XpOIH'!i1 ial lluwm 1l', Till' dvu.uni« nut IIt'(' of' Ihili l'I'(lllit't'lll!'llt
1l('I,t'psil atl'cl rnreful l'OlI!-'idl'l'al inn of a munln-r of radon; l'OIH'l'l'llillr~ hot h til!'
flow l'i~ and l'OJlI rol h~'l<II'IlI, Tltl';;!' I'll'llll'lllH Hl'I' disl'llswd ln-lnw.

0.2.1 Rig settinga

Ali lliSl'lI"li('ll ill Iho pn'\'iol1s dllll)1 1'1'. IhI' rip, \\'01:; fully uutmuutod. Till' IN'l' luul
rontrol O\'P1' oulv it liiuitorl 1l1ll11111'1'of )lill'a11H'tI'l's ln ortil'l 10 i\('hil'~'I' a II('"il'l'll
Ilow varlut lou, '1 hI' I !P"i!'C'1 I Il'lllpoml Ilow variat lou was I'X}I!IIII'llt iul: Ill!' runtrol
softwnr« had IiiI' ahililY 10 runt rnl Iltl' Ilow «xpunoutlallv ilS

((i,1 )

aut! till' 11:;1'1'was I 'apahl!' of :;1'1t'I'( itll~ t Iw rnnst n 11tH(Jo aut! ", at will, HOWl'V('1',

au)' arbitrary :;1'11'('Iiun of \'altH'" wnukl uut uI'(,l'li.;ul'ily result ill a How that eoukl
IH' realised. ~Iall~' 01 lu-r farfol's contrihuu«! Iu it ehosou flow IH'iul'. posslhlo.
TIII'SI' WI'I'I':

(0 Pressure in tho IwndC'l' tank: This luul a 11i1'('('1 I'lrl'!'! Oil III(' umxiunuu
Ilownuo urhlovnbl« i\1It1 bv thut 1I11'III1S, il alrl'('I('(1 till' lillll~('of opl'l'atioll.
TIIII~', Ill'P!iSIlI'l' l)lnYI'11 a mujnr pari ill tlU' soleetlou ol' tIll' opliunl r ouligu-
mtion, Mor« Hllhlly, it wus l)Oi'li'iihlt,to allow tho Pl'l'HHIIt'I' ill vary somewhat
dUl'ill'~ the' I('HI, IH'iuA 10\\'('1' at lirst, alltll't'al'hiur; a lbwd vnlue w('11 into
th« test, This WilS implement I'll h~' t 111'01t liug t hI' 11l'I'SH1Il'" HUPllly llno 10
l'l,tllll'(> till' llowrnt» oltlu: sIlJlPli!'t1 ail', allovlutlur; til :;0l111' I'XII'111 (Ill' VI\1\'I'

l'llllg(' of 1110\,1'1111'111,

(ij) Oholc« of vnlvo: 'I'horo WI'I'I' two dill'l'!'1'1l1 ~,ii\(' l'l!'I'tl'O')llll'lllllali<' ('ouli'ol
\'I\I\'I's to dIlH):-;I' fro Ill: t lu- sninllor u Ill' was 11101'('Hllitl'll III 1111' lower 1I0w

1'i11l!\I'Hwlll'l'l'n~ 1111' Imw'l' lilli' \\'ol'lWlltll'llI'r fOt' 11\1'1\1'1'Ilowrntos, Further-
111111'1'till' I'I'SI)llll,.!' .uul thus muxiunuu uttuinahlo Ilow iU('ll'[tSl' dilfl'l'l'll
h!'twI'I'1l I Ill' \'1\1\'(',;,

(iii) Static valve Iwt.tillgH: Tho \'HI\'(' 111'1\\'01'1, luul it number of llillpltl'aglll
atilt hall \'al\'('~ ill Sl'l'it':' wit it ; lu- ('01111'01valves, [1'1'1'Sl'I'lioll ,1.2,·1] ('ai'll of

whh-h coukl hr- Sl't t (l modttv Ihv mUI'.I' Ill' t hI' control valves.

'I'he rh', pl"~:illl'l' runh] IH' varied ill th« l'illl).',I' II 10 1.:; hal' ahov« at lll()sp11l'l'i<' ,
'l'h« mnxiunuu HI'~'Il(l(r1:i 1111111111'1'adli!'\'ahl!, .u t lu- high IIn'sslll'!' (wit h Ill) down-
:;11'1'11111 1'1':;ll'irl ionl Will< \\'1'11ill !'XI'('~iS of x 0 0011, Prelhnlnarv rousklonu iOlls <lk·
tall'l! that til«' SlIppl,\'11I'1'~~'1I1'1'slumhl hI' i1~ hh',h II" l)()!'i~ihlt,. in order to ousuro a
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lnvaslvouos« un.l liuoarltv of 11Iptool oll\wt this <li~l\(l\'alltag(' somewhat. In 01'(\(')'
I(l dal'i(v ~l)('dfk bSll('~ rourvrninn Ihis met hod of measurement, it nomonchu 111'('
iH iutrodurod to disrriminato tIl!' vuriou« olements of tlU' t(lstinf~' Below is listod
It hl'i!'{' suuunarv of thp numinn rouvcntious 10 11(' 111'('<)ill this study,

A clenr dlstiuctiou IH'pd~ to In' nuulo Iwt\\'PI'Il the various tlSll(l('tH of till' oxporl-
mental tp1'{tilll\ to avoid coulusiou, III 1',I'1I1'1'althe' ('uti1'!' study ('ollsbt;, of Hum;')
dilferout Ill!'Hsnl'PIllPllts of a lew Ilow variations. Tenuinologv must 1)(' intro-
11tH'PII to dal'il\' what i\:illl'''! or th« oxporhuentutlou is 1wing 1'('f('l'l'(I(1 to, To do
this I11<'following t l'l'lllS art· (ldiul'd:

nUN: A :;illgl!' monsurcmcnt t nkon, A run l't'Cjnir('1'{ that tho rig lllHll'l'p,o
011(' rumplot« mrusureinent ('ydp, 1'1'0111 llrilllilll', to :;I'ttlillg, awl lillall~' to tlw
reulisotion of it particulu; Ilow variation ill tiin« within til!' pip!', A Kingl(' Hl't of
LDV and ()I her l'('lall'cl (lata <11'1' usuullv I(nluil'I'<I11!'l' run.

TES'f: A pm ticulur varlutinn of Iht, Ilowruto ill tiiu«, A (t'1'{t ('IH'tlllllln:':~w~ all
1'11llK that Il(HiSPHS tllt' I'II11H' iuonn Ilow variation ill time.

S'fA'l'ION: All axial position ill till' pipI' at whlrh Ht'wl'HIl'UIlH may 1)(1COIl-
ducted, Usnullv It s!'f U1ll111H'1' of 1'11111'will b-: couductod at It pnrblculur axial
stltti(lu for It ]Hlt'ticnlar test,

PROl!'ILE: A H('\ of 1'1Il1:; from It Silll~h' 11'1'{1,1'(\1'11at tho santo axial statkm in
tho pill(', and oif:wt rndlally ow' Irom nnot h('1' HII("h Ihat tho nullal varlatiou in
vplo<'ity 'H'rllHS th" pipI' i!1 a('t'm'tltl'l~' dl'l't'l'illl'd by tli"it' eomhlnntlon,

~rIMING: This trnu l'l'ft'n; to 1\ sot oj l'II1lH at it stutiou used to illf('l' the'
lncuptlon (If tl'amdtioll ill tho pipt, al rhut xtutinu,

Thus ill the' dl'tilH'11 tl'rllliuo)o)"Y. the 1'1Itil'I' ~Iudv ('OlIHistl'tl of I~uuuibor of tt'sts.
Fach 1(1:-;( t'llll~iKtl'tl of mnuv !'UUH, ('adl ('olltllll'll'd at 1~\llll'tknlnl' axial suatlon
ill t he llipl', AI S(lIlH' or t 1I1'!'" hI at ion», 1hi' rUIIH tll'lilll'll IL promo, whllo tlu-
l'HUH1'1'IIUltht' roumhnlor or tho srutiuns wore 11,"'11to illf('l' timing illf"l'tllHtioll.
'I'hor« \WI'I' two ilNPl'l'ti'> 10 l'lllll"ill!'l' \\'11<'11.. ()u(ltt('till~ tIlt, 1(lHls, 'I'ho prinmt'Y 011(1
Will' IhljllSI lug !hl' rig sl'lt iUI\s uurl l'Out 1'01 pal nmvt N'H to at'llj(,\,p it pro-donned
vurintiou iu Ihl' Ilownu« with timo: 1'l1lhSI'C]l1!'ut to t his th« pOl'litiollillg of tlu-
1.1)\' aUtI mot hnd of (Ial u i\c<tllisi Iion had 10 lit' plnuncd, Th« chuptor ('mll'I'I'lll"

tIll' jll'('lilllillUl'Y Ilow control nnd <li~ti\ nrquixltiuu, wlulo dmpll'l' 7 tim!. IbU()wH
111'~i("'i1)('H tIll' thl' Iinul 1.1)\' 1l1t'm,lIl'('lllI'UIH,



Chapter 6

Preliminary experimentatio -

1'11<, overall !-I(lal of t h« expvrlmont at iou Willi to capture t 11(' behaviour of t IH'
flow ill 1\11oxpoueutinllv at'I'p]p!'atiul-\ pip(' eutruur« {low, Two broad nims WN'('

initially appurent: Iirst lv, t hI' rudial vnrint lou of tho huuinur \,(']odty profile
in Hill!' at various point« in t hI' pip(' was of i1l1'('1'(lst. and st'('olldly 1'11(1iuitlul
uuuiifostutiou of deviation from t hil'l luminnr H11\tl'within tho Jlip(' onrrnnco wa»
huportunt,

Till' gcuornl uatur« of t IH' Ilow lu-luwiour was illitially uuknown. Prcliminury
C'xl)('l'iuH'lltntiou was couductod to IlH('(Il'taill tho upproxhuato bohnviour of th«
system. L('adillA from t ltil'!it methodieal uppruach Will' adopted, ill order to
('nptUl'<' it wklo l'I\IlA!' of th« behaviours of tho sY14!('UI. This chaptor describes tho
lll!'thotls (llllploY('ll to measure tho How; Iurthonnore the acqulsitlon of auxiliary
lufonnntiou lillch IIH tlu' llowlll(lil'l' data hi t1iH('\ls~!'d, Th« major s('('lioI111 that
follow onch (liH('IIHH It Hl'IHll'llt(' IU-llH'd of tho oxporimontnl mothod Iroiu n g('lll'l'Hl
Ill'l'H}l(\('ti\'(', Ellll't'ging Irom til<' iu\'('sti!l,lttiou in t.hh' l'hapt('l\ un I'Xjl<'l'illlPlIhtl
lllt'tlwc\oiogy was tlpl'i(I!'(\ upon, and this iH C\iS('IlHKN\ ill rhaptor 7 that follows,

6.1 Terminology

'I'ho LDV is a poin: llH'HHlIl'C'IlI('Ul (h'\'ict'. (July cnpnhlo of making a monsureiuent
lit It Kingh' pltH'(' ill tit!' pipe' at uny 0111' t imo, BPI'lutH(' of f hiH lhuitatlon, ill
(Jrd<'l' to iUV!'Ht i~\ltt (' Ill11Itllarlnu« HSp('('ts of oxpouout inllv itH'l'('l\Hillg lIoWH Ior Ituy
llf1.l'ii('ulfll' How variutiou, an ic\Pll! k-nl C'xlwl'illH'nt lI('('\IH to ho I'IIU l'P]l('llll'(lly,

wit h t 11('Ln,' llH'<lSIII'iul\ volume pusitiourrl Itt dim'l'Plll polnt« in t ho piJl(, for
ouch run, TIt(' rmuposi: I' pit-III1'(' oi' tIl(' d(,\'plopiug How liyst!'lll rau thou hI'
nssl'lllhI!'(\ Iroiu t 11(':0;1'iudivirluul dat <I, BI'\"tlll'P of t his, t 11<'1UI't hod iH sonsltiv«
t () uumunlies in t 1)(' 1I0w: lIOIH'l']H'nt nhlo O('('lll'l'PW'PH will bo shown at only soui«
lupi\sllrillg posi t ions, awl univ« lutrrprot Itt ion of t Ill' l'l'HlIltill~t composlto (1at It
ruu II'I\(\ to thls(' rourlusiuns, IIo\\,('\,(·I'. liS di:-;('lIl's('(1 ill tl1<' chaptor a, tho uon-
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n,G H(~('()ll<1H,tll1lH tho rimo resolution wall about 10 liS, Tho US" of It further two
bytes for time lI1(':I:;U1'PllI('l1t allowed tpst. times of UJl to !) hours to he' IlH'ltS1H'(,(\.

The cxpaudcd IlH'11l01'~' of tIll' ('01l11>Utp1' was 11Ht'(\ to store t he result aut data,
This was lU'c'l's-;ibll' as Ij·1 Kbvte Jla~(1S, thus aftl'l' (i5 5aG data hytl':-I had boon
acquired, It timc-eousuuriug 'pngo-swap' hall 10 1)(,implemontod, This resulted
in small gapH (~ 10 rus) aft 1'1'1'\'('1';\' hlork of dat a III tIll' current cxpcrhuourntion
(data rate < 500 II~) IIII' gap was, hO\\'('VI'l', so small as to 1)(' uuuotireablo ill the
ncquirod data, AIIIHlIlAh !h(' data ratl' ('I'iliug was never arhieved ill the' P1'(,S('11t
rendiugs, tho SPI'I'(\ of t hI' loop Will' 11<'('l'ssal'Y to I'USIIl'(' that tho data was 1I0t
ulinsod. In till' Pl'l'ViOIlH lIP !wst('lll th« illpnt port was polled I~t.uhont 120 IIlI"
unci tho time of acquisition of Ihl' data was taken as the thno of sampling, I'VC'l1
thought the' data may haw heou lurrlu«! on tIt!' port [or fnl' JOllAN', This system
was thus prune to tomporal aliasiug. III till' current SYHl!'lll, aliasillg would hnvv
orcurrod at al""11 10 kllz, As meutloued. tI1I' uiuviunuu darn rate during tho
II'S! was ouly abou+ 50n Ilz. 'I'ho ('1I1'1'('l1t system showed n 111I11'k('(1lnrroase OV('l'
its Pl'('(h'IPSSO]", both ill data rato (~ :W()x improvement] and ill its ability to
poll sl'v,'rnl channels illd('IH'Il(\Plltb',

5.4 Summary

Au extremely ~('llpral data urquisitiou mal control system was developed usiug
tho objor-t-orionted nppronrh, which allowed tho croatlou of n complex and ill-
tl'~rnt('clIW(lIlisitioll and control Syst!'lll, I'ss('ntial for the dynamic nature of the
t('sting, Alt hough t h!' 1\t'Si~ll WitS ('OSI lv ill tenus of (l('v('lo}llll(,llt time, this wns
ll('('('Il.'lal'Y ill order to gl'll!'l'att' ami measure complex How varintlous with cnso
A 11I11Ul)('1' of Illi\'llntlll\('S \\'('1'(' apparont:

(i) Tho U('xihility of t lit' illl(,l'fu('(' 1\11(\ t.11<'resulrunt ('I\S(' with which 1111te'I'OS

nnd run-Ilk-a could 1)(' nssomhlod and used, allowed quick oxporlmoutntiuu
with til!' various l'i~ parmnotors (rontrol coustnuts, nccok-rntious, ctc.)
that n 11101'(' ri~~i<lsystNIl woukl hnvo ponnittrxl.

(ii) Autouuitlou 1'1lSIll'('(1 1"C'}watllhilily b~' romovlng 11l1l111111<'1'1'01' awl blas, 1111<1
thus allowed Ior arr-uratt- testiug,

(iii) TIH' !'y:-lt om fl'(,(,( \ IIH' 1Il'('1'to ('OIH'Put rate ou tIll' more import nut asp('('ts
of (lX})(·l'iUWlllnlioll. surh Utl till' dutu its('! f,

However, a Inr srrouner I'as(' ('1lI1 }lo~sihly 1)(' ninde fol' tho dl'Hi~l1; that til<' ('X-
Jl(,l'illll'lIt at iou wouk I not huv« III'(,u possihlo wit hout till' dovolopinont of t he ri~
and routrnllinr; soltwnrr. Th« (\f'tail('(1 (1I'sC'l'iptioll of thl' rig and rontrolling soft-
wnro was lIf'('!'~sal'~' I() «I('''('l'iht' how t hI' roiupk-x oxponontlul flow varintlons \\'('1"(1
uehlovod, 1'11(1following dlilpt 1'1 nnw 1'(lIIIl'IlH t () matt (II'Smore dos!'ly nssorint pel
with Ilnid tnerhnuit-s: tbl' tt'~lilll-\ it:-;C'lf,
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Purge memory. The amount of datu stored on thl' slave computer was indi-
('ittI'd by an index into all array of data. As data was acquired, this number was
incremoutod hy 011(' for I'Hl'h point measured. Invoking tit!' purge memory fuuc-
tlon sN this ('0111111'1' to ZPI'O. p(i'l'l'tiVl'I\' allowing (lata in tIll' computer memory
to Ill' overwritten.

Set test time. Tho polling procoduro, when lnitiatod, coutlnued for a sot
duration 1>(,[01'('teriniunt iug. This time (ill seconds) was Sl't using this conunund.

Poll data. This, tho most important operation of those listed above, was
('OUI'P1'lll'(1 with I hI' lI!'t Hal ucquisitiou of data from the counter. When this
command was issued. ucquisit ion was innnedlatol .....· initiated, and continued for
till' thuo HP! hv tilt' previou« connnnud. Running a trst removed control from
till' main loop for tIll' dnrution of the tl':-'1. and the acqnisltion could thus not
1)('stopped. Thi- lulloxlbility wa:, 11<'('P;;S<ll',V to allow the ucquisitlon loop to poll
(lata at Ih(> maxiunuu pt-nnissihl« !'HII', without having to dlP('k tho HtMus of
tho eounnunicut ion pori,

Get number of points, AnN' polling, tho umnbor of points ('0111<11)('obtained
from tIl<' computer. Upon l'l'('pivillR this counnaud the acqulsition couiputor
trausmltted this nuuihor down the network to t 11pmain romputor. This was to
allow Ior memory allocntinn Oil tho main III nrhiuo prioi to trausnrisslou of 1'l1('
clatlt.

Transmit data. Tho transmit ('OllIIlHUIlI ('liIISPcI tho computer to make tho
polled data avallnbl« Oil tho <lata link, Aft(·l' issulng tho connnand, till.' main
computer made Itself l'l'ady for r('('('il>( of It block of data from tho slave machluc.
Tho siz(' of thp block SPllt WIIS l'Pstl'klpd to G·! kilobytes or less. Aftpr tho
trausiuisslon of ouch block tho main llHU1'.itIP vorillod l'P('('ipt, UpOIl which tho
sluvo mnchino truusinlttr«! tho sizp of tho noxt hlork. Thi» eoutluned until tho
slavo transmitted a ZPI'O block siz«, iudlruting completlon. Each clala point
('ollsist('(l of; h,\'tl'~: 1111'1'1'fill' IllI' velocity from tho LDV, awl four for tho time'
\,1\11\1',

Tho ncquisltlon loop w:\S ronrornorl with polling tho counter rlurlug iL tost., awl
trunsforrod lUI'\' t'PU(liugs to 1l1l'IIHlI'~·. It also llH'aslU'('d tl.t' time at which tho
counter was road. aIHI t l'allHfl'l'l'(ltI t his vnluo to memory !IS woll, Th(1 timo dntu
('oul'istc'd of ,1 hyt(':.; of' lnlonnutiou - ~ from tho timor chip, nud two illdknlillp;
tho 1lI1111\)('1' of timos I his timor had 'l'}oC'}wc\'over. '1'11<'w!ol'ity data WIll' simply
!ht' thr(I(' h~·tp", of iulormutiou Irmu tlIC' sigual couutor, Th« loop terruinntod
when IllI' maximum Iimp ppriotl was l'l'jll'IIPd, By optillliHiuf'; tho loop it \.I'C" ,. ,
l)Ossihl<, to poll the' dala at \'all'S as hil~h a" 20 kllz. TIIP tluior dO('I\('<1 ovor .'\ \
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5.3 Slave software

The job of the slave ctnuputors was to acquiro data from tho signul r ouutor via
tlie data link aud ~tOI'I' it in 1l1('lllOI'Y, When required, tlm;p dat a had to 1)('
Hl'nt tt- tho iuuiu emnputor, which would PI'O('PSli thorn further, Each action waH
controlled completolv hy ('OlUllHUHIs SI'1I1 Ironi till' ('(,l1lral comput 1'1' down this
liuk to th« slave mnrhino

The slave ('01111>11t('l';; had 110 hard-rllsk, thus thov booted tho MS·DOS oporat-
Ing system Irom It floppv disk, This JloPJl~'disk also coutainod the controlllng
program. which Was I'X{,I'lItl'd uutomaticullj' after hooting was l'lJlllpl('t(lj thus
no 11SI'1'intorveution wali rrqnirerl upon start-up of those units, Basirally, till'
program consisted of a 100]>. IIH' softwar« continually polling tho emnmuulcu-
tiou lino to t he main romputor for it rounnaud, If such It conunand was SPill
by till' coutrolliug computer 1111'11 till' arquisitiou softwar« would carry it 0111'.

For instnnco, II couunnnd cnuld Ill' sont to toll the nrquisition unit to purg« its
memory of old data, 11pun roroipt, th« nrquisition l'OUlPUt('1' woukl porfonn tho
task and 1.1)(111return to tho waiting state, A simple schematic roprosontatlon of
1.11(1program operation is S!tO\VlI ill tIl!' flowchart ill tigure 5,2,

Figul'1' fi,~: '1'11('dat it nrquisition flowchart ..

R('fp1'l'illg to t his Iiguro, till' program st al'ts WIH'1l !iI(I iunehiu« iH pOWPl'Nl up.
and wnits Ior a ronnnnud. Whou a coummud i~ 1'('1" t IIp relevant portion of
rndo is executed cll'l)('IHliug Oil thp value of that cmnm.; 1. WIH'11 tho ('OllllI1IUHI

has finished oxecutiug, tIll' program control I'Pt.1lt'Utl to tho ('OUUlIlUld polling
loop, This ,';'o'dt' ronrinuos until th(' exit couunund is iHI'II<'<1. at which poiut
tIl<' prognuu HtOPK (lx(,(,lttillg, TIll' six ronnnnnds shown below Ul'1' tIl(' 11101'(1
important funrtiun« of (hI' syst(lllI,

Reset counter. This ronmuuul i'i(,( t ht' ~igllal ('01111tl'l' into an idle stuto, by
stopping (lata pollinu of jill' counter. It sorvorl to allow the couutvr to read data
indopondont of till' urquisit ion jlrc)('('~~, which WIIS I1s('£1I1 hl'!'alli'il' it allowed till'
dala rat(' rouutor 011 tlu- unlt's front fa('1' to poll Ill<' current datn nu«, it fl'at,l1l't'
ll('('I'SHlll)' durim; ndjusnnontof tlu- J.D\',
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II('l'(, QlllllX is til!' maximum 1'imp;p of t ho Ilowiuetcr and t was tho time in
SI'('OlICls. TIH' Iypl' of vnriat ion and t 11('various constant» ill 011' equations could
hI' (i<,jilwd from within th!' ruu-Iilo. Aft!'l' (l!'lillilll!; the tyP(' of variation, tho
closed loop control could II(' st 111'1'(1<1 or stoPPI'<I hy t he PlD conuuaud. Different
S('qll(,U('('S of t ho equations could II(' 1\,1'(1 0\'('1' difforont portions of tho h'Ht,

allowing the' ,\sSplllhlv of a Apllprnl Ilow \'01. iutiou ill time, For tho (,U1'1'<'11ttpstillp;
only thI' oxpouontiul variut ion was usod, Tho run rommund also polled analogue
data from till' Ilowmotvr (or other sl'l('('II'(l sources) durim; t('stiug which was
stored locallv ill mouuuv, All evonts awl data urquisition \\'1'1'(' synchronised
off a singl« timor rhip, which opl'l'atpd to 10 liS resolution, Upon completion
of the run-file or abnonual tonulnntiou (1(I'~' pr(·HSP(l. tank ('mpty, 1'1'1',), control
1'(·t,I11'I1('d to tlU' ronnnuud-Iine iutorprotor and th« dati~ rouhl bo rocovorod both
Ironi til!' LDV muehiuos aut! IO('Hll~' from Ill<' nnnloguo sub-system at leisure,
lIHillP; Iurt 1\1'1'llW('I'O rounuuur Is,

III rouclusiou 1111' dividinr; of prouram coutrnl into two separate typos: non-
criticul rig mhuinisuution' aud time-critical ncquisltiou and rontru', was tho
optimum solution 10 allow nrronnnodutkm of t IIp ])(I('nliaritks of hot li

5.2.3 Automatic data conversion

TIl!' l'ig was fll11~'uutumutotl, and t IH' pro('(';;siup; of thc raw data from tho slave
computer was (1mI!' nrrordiug to rnnvorsiou Inrtors uud parnmotors oither cal-
culatod by thl' computer, or loudrcl from a ronligurution fill',

Tho ronflgumtlou Illo coutnlnod IlIIl'illlll'll'l'H surh nH tho light lroquoucy and
Iroo-nir bomu I1llp;11' of tIl!' la:-;I'1' for ourh rhauuel. Also contained horo W(,1'., pa-
rauiotors surh ux III<'dofmtlt fl'('[JUPlll'Y shift and ('.vd('s 1)('1'burst. TIU' Iroquoncy
shift., <'ydl'H P('1' lmrst nud othl'l' parlllll!'t('I'H ('011id ulso 1)(' r1umgnll1Hillg maoro
counnnnds, Th« fl'('(,ailil' beam Hugl!' was not tIl(' IwIlIa1 anglo of lntorsoctlou
of tho bonin within tlIP flow, (IIII' 10 opticul distortion» ('1\118(·<1 hy tho mutual
1~lm'H. nil' I\IltI \VIlI('1' iUfI'l'fll('pS, A III<HllIlp of tilt' prograu; waH eoucomod with
dot ('l'lllillinp; tln- Jlm;it ion and uuglo of t ho rout 1'01 volume Ilsiug tho spt-ciflod
A('Ollll'tl'~' ill comhinut ion wit It tho principlo.. of SIH'll'H law of refraction, Us-
in~~ [\I'()IlIPtriclll inlomuuion rotriov«! Irom thl' ('dlllil!,1Il'atioll1ilp ill cnmbluatiou
with iufonuution obtuimx! Iroiu tit!' 1)('11<'11 positlon ,",,·USOl'H.th(' artunl podtlon
and illtl'l'S('('tioll nl1l~11'\\'1'1'(' culculutod, This sllll'H~';itl'lIl iH dlseussed in fmth(lt'
dot ail ill Il11P('lldix E. 'I'll!' voloritv dl\tn was Ilill" ('Ol'l'I'(,t('(1 ,U'('01'tlillP; to til!'
dUtllA(' ill brum ll11gh' wit hill III(' pipr,

Uulort unntvlv, IIll' s1'1I111LOY hond had uo posit ion ('11('0(1<'1" aud this mvchu-
nlsm could HoI IH' lls('d ill cunjunrt inn wit 11mousurvtuout« from it. However,
uu-usnroun-ut« uuulo ill 1111'horizoulal (lirl'('lioll 011 lilt, major dlamotor WI'1'I'
sllhjP('1 10 a r'PIl.\t(!lIt hruui anvlo ll<'\'iatioll: thus a coustunt corroctiou ('(1111<1Ill'
IIlIUit' 10 III!' data lntor
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Furthennor«, all c'1Ith'!' It's! \\'a,.; 1pi('lTI'C \ 1.1 b~' il Jim!' It'ttl'l' u.uuv, titP tWI) 11'111'1'

prolix Il('illl~ all abhlt", ,(IIUIl or I hat IIHIJlI'. 'Iuhlr i,l p,iws till' fill! u.unos nnd
altlllP\'iiltl'IIIIl'l'lixP:-i uflllt' "'",Is,

Talth' i,l: TIH'umuiiu: 1'011\'1'111ion Jill' I itl' I'XIH'I'illll'lIlal 11111;";,Itowillf', I hpj"
ubluvviutiun» utul Iilv 11;11111',.,TIll' Ipl'lW. ,I' awl !I iwlkatl' nrhitrnrv uuuu-ri«
\':111\1';;.

fl, 'l'1'SI"UilIClll;j ;,;:;:;~;'\'iilt(;d r !:\1:;1:;:~::~l'II
'Jo:Xfii( 'EE 1-:10:.1' !I.II!/,II II
EX1'1<' I 1<:10' I EF,I' ",/1,1.11,'/ II'

I,~v.·l'(t' J'(' l't' I..... " 1 , ',\t,I' I/I/!/I/ I
FXPA F.\ I F,\,".I/.'/II.I/ II
1.'."'1']' rn 1'1' I....) , ) , ).1' .',,1/.11,'1 ,

FXP(' F<' F( ',,' '1'1'1'1 'I'
FXPD 10'1) 1-'ll.,. l,~'!Jll!I I
W\.P\ (L\ I (1,\,1' '1.'1.'101
<;XPH UB (UtI' 11'1,IIi! I
«xi«: (l(' (l( ',,' .IIIJlII/ I
i,'X'I'I) (,'l) ('}', .' ",' !I.'I'f.iI II
IIXPA IlA ll'\"',"ll~!lJl.11

Tlw rnntpmu-nt rul' t:II' fill' u.uuo ill Ihh Iilhlp \'."" 1I,;I'c1 10 IIc'IlOII' 11ll' uxiul
sl at ion of IhI' 1'1l11.Thl'sl' sl at inn» \\'l'lI' }.ill,pl~· l'IIUllll'm! ('d HI'l'untillg til IhI' 1l1't1I'1'
or I ('~I illl", This 1'1I1l1ll1'1'alillll \\'il:' fWIIl .'1'1'11 I II uin«, 1!II'I'l'aft 1'1' I III' alpha'lI'l wa,"
1I,:t'd. l!I,!\iHUhll\ ut 'A'. uud 1'0111illllinl" 11111il ,!II I lu: hI III iOllH hac! bl'('11 1.11)('11('11.
'I'll!' l'OIUPOlll'ltl!4 !l!IlIlll'l'Ii'l'l'I'(lln IIll' pill'l kuhu run ill u st at iun, HI'Il('all'cll'lIl1~
11I u Ii!III iolt \\'1'1'(' !I[\llin ('llllllll'l'il!t,cl 1I"illl\ I hiH ('OIllPIlII(,IlI, iiI tll't ill,'. fWltl ilOilO,
uml ('Ol1liulliul'. it" (l001. 11I1!l~,I'tt,. Thill' Ii 11' im;tal1l'I' il H'dl'" III fill 1'11111<lin'
11',,1 IIXP.\ uud slutiun 1111111111'1"(" (1I'(il1illl\ il \'l'lodl~ Jll'Ofiit' \\'011"1111' lnlu>lh·c1
11.\(' (J()llIllhl'o1l1·.lt 10 If;\<' IlOI!l. \\'111'1'1' nu» \\'1'11' ('01l1I1h'll'l) al \"Il'\'hll\ nulial
iii at iOllh IhI' l'adial Jlo~il lou (If ,·;tl'lI rna Wit' 1,1111'1'11 ~'I')lill'illd~' ill II !til', hook;
l'Olllplil'alioll~ IIl'b itw. Innn 11,\'illl'. 10 I'IH'I)(II' nullul po~ilillll into IIII' iiiI'
uuui- \\'1'1'1' t 1111" ll\,oiclt·11. 'I'hv 111111"lIill 1Ii1111ill)', l'OIlWll1 inn IiII' ' Itl' )lIl'lix (i,I',

FXl'B) 1'I'!'1I1t I'cl Iuuu I hI' l'om'l'UI ion tl;,I'c! ill I hI' prolhnlunrv II'"till!'.. 'l'lio \'PIT
litH! pn'lilllill,ll'~' Ipsl was lHHIIl'I\ EXP.\, \·:111'1'1' IItt' 'EXP' ~,lo(l(\lol' I'Xl)()UPII'ial
nml 1111' 'A' 1II'IIOII'd 11th. iI''; lit!' Ii"" I!,~,t III 1111' Wl'iP:i, .\t Ihis point il wm,
l\Pdl!c'c! til il1llU1\1lt'1' u r\ltlhl'!' \1'\'1'1 or clh;lilll'tjoll: all t lio 'EXP' 11':·,h luul th«
)'i11111' t-t art ill)', HI'\ llohb 1111111111'1', thl' fllllllWilll', ~I'l'il'~ (If 11';''''' with a dilfl'l'l'lIl
illlpnh;iw HI'~'llIl!d;; 1111111111'1'\\'1'1'1' Ihl};' 111'1101I'd '1-'XP' alit! :,11011. Ililli'l'l'ltlialillll
11l'1\\'I'I'I1I!itl.l 1'1'0111t1ill'I'It'Ht HI1lI!'1'" \1.11\', 1I0\\'HII'!I'I', «tr.) wn» h,\' I1It'ill1'; (If Ihl'
lil« !'XII'II..;jllll 01' ;ittllix. TItI' :-'10.; !lOS 1I1"'I'.llil1!', ;.\,,11'111 allo,\", lil"" 10 lurv« IIp
10 t 1111'1' alplHllllIllll'l'ir dlal'iIt'I!'I" ill I hh, sullix, Tah)co i.:'! Ih,!;; t hc' "lIl1iXI',i Ihill
\\'1'11' IIH't1. uud tIl!' cloI!il 1\'111' III which Ihl',\' applicocl.

'I'ho datil ill'qllit'l'l\ dlll'i1l)', it rnu \\,,1" autouuu irnllv "il\'!'d III l'OIl1)lt1fc'l' hili'll clH,
ilC'I'III'llilll~ III tIll' u.uuuu, 1'1l11\'('lllillll)',iwlI h~' t ahl« 7,~. '1'111'ill"ll1bililll1 l'ilillll1l'b



Chapter 7

Final testing and data
•processmg

TIlt' prolimiuurv l'l'i:c!ilH',,, of I ItI' l11'('\'iulI~' rliupu-r illdit'illl'tilital 1IIl' Instubilirv
()('('lllT('cll1l'ill' tl1l' pip I' lnlot, iu Ih,' h{lllll(li\I'~' lil~'l't\ Ft.;iul\ till"'\' oh~I'l'\'a(itIllN,
a 1ll1'Ihwlolol\\' WilH cil'l'hll'(lllPOII, ill nuh,}' thai IhI' iuaxiunuu iufonuutiou vou-
(,(,I'lli'lf'. lilt' llow " hoI it IIII' huuinar variation und 11l1' truusltiou plll'llOUII'1I011
• 1)(1 ('apttll'{'(ll'lIidl'lJtl~·. Thi~ dlil}llt'l' Ilhil'lI:'~il'~ 1111'IlIl'th(HllllolW (1t'\'('lupl'(ito
Im'h rallllll'(, atllllll's('l'i1H' th,· dutu .• \ llilillill)\ ('(IIlVl'llli()1l fol' t lu- (1'[.lillg is
illt n)[ hll'l'( I , () Nilllplify n.fI'l'l'lll'l' t n IhI' IIat alai 1'1' ill t hI' work; Ihl'l'I'aLt ('1' 1111'
dlU~i!'ll l'Illll'.!' Ill' IIII\\, rut (' \'i\l'ia I itllifi iN 1'.i\'('II. FilI'I her til'('! ions al't' ('U11('\'1'1I('1 Iwit h
till' (bi('I'illl lou of Ih(' IWI) 1~'lll'N of' IlIl'il!'iIll'I'IlIl'ul: llilllll'b' hm,(' lIow urul t,lnldl-
il~·. Filially, tIll' 1I0WIlII'II'l' (Iala ii'l rulilnnuxl, awl III!' iu'tl1alllll\\'l'idt' variation
if! gi\'l'lI Ihl' 1'.11'11 1(':;1.

7.1 Test lH\l1lOS and flowrato varlntlon

A Illlmlll'l' or (lill't'l'l'llt ")(lHllll'llliilllloWH \\"'1'" ill\'!':il iI'"II\'II. ill onlt'I' 1tl ('il)lllll'l' it

I'l'lll'I'l<l'lllativ(' lillI)',I' of ,If,(,l'h'l'illi()ll~i, This !'('I'lioll dhtll:·,:,I': I hI' iunuhu; runvvu-
tion Ilfit't\lo t\f'llut(1 tltl' t1i1l'l'l'l'llt II'~!'" HIllI 1111'11lll'f'hf'lll:, IIII' t'XP('('II't111ow)'illf'

varlut iou wit It lillll' 1'01'Poll'll or 'hl':'it' It",( '"

'I'l'St. llluulll~~eonvoutlun

T\\'t'lVl'tlilli'lI'lll 11':,1:.(f'lll1Illlhilll'. 1\\'1'1\'1' ,lilrl'll",t !lO\\ I,llI' \'atiuliol",) \\'(Ill' ron-
(lll('\t'(1 in tutul. Cltl',,!' ",l'lHlrilll' 11';.1" wI'n' n:"il\III',1 (lhlilll'1 tuuuv», but h lor IhI'
lliUpWit' or "ilia ,,10m!',!' (lilt' Uilllll':, \\'1')1' It'qllin't\), illlli 10 ;.ituIIHfv 11'('1'1'1'11l'('

10 Ilu' daln. EiH'h 11':·1 wa» ",h'f'll it nuiqiu- I\\() !t,ttl'\' ll)'t'Ii,; ,t111IlW, n·tl'it'\'1'11
h 0111 a Pi!1'1 kula!' 11',,1 \\'I'1't' ,.IIl!'l't! ll:.i1w. iiiI' IloPlll'h h('I',inllilll\ wlt It t liat prr-lix.

Ion
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short 1l'1I1\1It. to lil' opt innnu JC!l' Ntl'!lln~I,\' an'l'l('rat illl\ tlows, It is Ihought that
t hI' inst a III a 11('0us III'fllllllll' PlI'SSlll'!' 1',(';((liont ()('('1ll'riLJ~ cluriUA IIll' O\'C'l's!WO!
1lli~hl IHlV(' juciuc'l'll a suinll amoUIII ul' ~('llHl'atiClIl a! thl' illII'! ut start-up. Ihus
Ol'il~il1a! ill~~ 11h' 11I1l1lJl Ihal ('Ol1\'I'('! S !\oWll:--II't'alll, III tIll' Ill'l'sl'llt :wt -up !II!'
('outraction was Cljlaqll<'. uml t 11t1~;volor-irv l'('acliul',S rnuhl Hilt 11(' ('Onlillct(,cl
withiu hi>; l'I'I',iou to «nnlinn or J'I.fllt!' this, TIll' ln-lmviuur of iuk-t ('OIlllar'lious
lIWIt'!' highb' uustvmlv ruudit ions i:< \Ills! lIdi!'(1 at Ill'I'Sl'lIt, nml Wilt I"lilt s Iurt 11<'1'

l'('}iuu'('h, In titl' lillllt of I Ill' I'l'lll'itivity 10 til!' .•tart-up. nl'l'llt ('al'l' was tukou to
I'litlliniltl' t hI' ()('('1lI'l'('1H'(, of oWl'slwlll. 'I'llI' pn'l'ipll!'p of Cl\'Pl'sl 001 was alI'<,rll'd
bv amongst other lartnr-. thc' tank !l1'(',;SIll'C' at start-up. valve }il'tlillgs, arnl :1,\'

}ll't'"prillling of t ln- runtrul vnlvo, Till' routrul valve vuulrl hI' inunnnllv OIH'III'!\
11(1[01'(' rounuvmvnn-ut 11ft hI' dll~l'(l loop ruutrul h," bHlIi11g IhI' couuuuud x
VALVE y ill 1111' run-Illo, \\,111'1'1' x \\'<1,. t hI' t inn- of I'XI'C'Il1 ion awl y Ih« value 1(l
whit II tho valve shouhl hI' OPI'W'(l. B~' vurvhn; till',:!, two pat'allll'tl'l'~. Ihc' valve
rnul.l b« runt rolk-rl W I hat if wn« ClpC'1J by till' c'o1'l'c'c'l amount \\'l1c'11 dOHl'cl·loop
coutrol C'OllllllC'Ilc "d, Tim" in ruhlitiou 10 thc' it orut iv« :;pl"lljllll'pcll'd to prcrlur«
thl' ('01'1'C'('[ Ilow, Illl' ril', sl'tliugH had to slmnlt.uu-onslv 1'1J1<1ll't'a jll'OjH'l' start ,lip,

0.4 Summary

ThiH l'ltnpt!'l' dil'('INC'(1 hI'OilCU,\' I!l(' initial «xperhueutul im'(I:-Itigatjolls mul pre-
SPlit (It! }lOIn!' (lHrly rosult H, A hriof ('on:-id('mt iOIl or t lu- U<1t1\1'1' of IhI' flow (1Pwl·
opuu-ut ill thl' piPl' allow«] It W'I1(11'i11 11Ilcll'r:,;tandill!.\ of till' hohavlour of I'XI'!I"
ucnt lullv a('I'I'It'ral ing pip!' I'llt rauc'C' Ilows. 111pill'1 k-ular, flow hl'l'ai,d()\\ II ill t 11(':\(1
JlO\\,H was HI'I'I1 to ()l'ir\inat I' at t III' houndurv la,WI' 111'111'I hI' piJlC' inlet. ,\rh'illg
Iuun this pl'('lhllinal'~' HtIlC!". a 1I11'tho(lologv of t ('Htilln WHHcll'VI'hl)H'll. ill (miN' to
(lpt imullv rupt ur« till' l'arly lmuiuar varia: lou, ilwl latl'!, 1111'11\Ih' 111 11ll'IlI,d()WlI.
of it hroad mug(' of ('XPOll('Htinll~' \'nl'yilH~ lluws. 'I'hl« lUl'th(Hjulo!',y is !':~JllaitH'(l
ill tIll' Iollowiuj; rhupn-r, whvro thl' ~pl'dlk asp('I'ls or I hI' Iluul t('stiug und rlutn
PI'{)('I'SSilll\ Ill'l' cll'~l'1'ill('(1.
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~u('h bump. The (loft(,t\lilH' ill I ill' fil\1lt't' 1'('PI'''SI'lIt~t I,p upproxhuuu- lu-havinur
"f t 11(' llow wlu-n I ht' hump was i1h~t'1l1. 'I'lu- IIlil',S·II0\\' ('OIlIIH'llsal inn or 1111'llow
"I !lIIH'}' rn.lial Hlilli(lll~, (hll' to tIll' JlI'I'~I'Il!'('of fhl' lnnup ill I lu- !HlIlIlfI.tI\·la,;I·I ..
H'l'lW'lllo 111'~lildll. II was 1101 Jlw'~ihlt, 10 uu-nrutvlv IlH'a~,lIll' t hI' d"tai):. of I hie.
1111111111duo :u its I'l'I'atir IHlIIU'(' ('llllph',1 wit li I lu- (llliUI'IIII"I',ml'lIl('lll limitutiun
of tht' tIl\' ;\11 iu-t alii uuoun« 1,,lO!J,IIUII'il"lII'('1l11'1l1 or I lu-wlodt" pl'olill' }.lHlIH·
woulil b« 1'!'!JlIill'tilo urt-nrutr-lv l}I'fl'l'lllil\\' il"i t'~fl'lIt mul n.uuro.

Altllllllgh t liv lunnp was \\·tllT~·hll' •• it:-. 111'1'::('111'1' 01' alhl'llI'l' hall Ito Ilhn'I'lIit.lc·
('11'!'('1(Ill tit!' lun-r truusltluu. TIll' 1)\111111:-.illlph' 1,,1'1'\\' :.!tl\\'l,\' .I~ il mllvc·C'II·(1
IIOWIl:-.tl·(·i\lll.atHI till' Ilow ro.ltiUlIl,tl 10 lu-huv« i'l , .... s,III1I' nuuuu-r He; lu'llm'
when lIlt· 11111l1Jlhad Jlil~:;!'d. BI'I'illl"l' of it!, IllI'H'IlI"'. il \\'iI:' dl'ritll'e(to PI'I1hl'lll

II111It ipit' ('."lH'l'i1l1l'1l1nl rnu- ill I'ildl Illl'i\:,IIi1'Ult'1l1 '.1alioll. ill 01'l1!'1' Ihal al !twil
a ~illdt' 1'1111II'd/llllll t hI' lunnp would Ill' "lip! 111"11. 'lith, wa: I"'ll!'ri;dl\' :,()WII1'11
III(' ,Iala \\.1', to Il!' 1I:;I·t! Ior th .. Ilcolt';'\uillitlioll or vt-lorltv \llOlih'". \\111'1'1' 111111,

l'I'jlt'al uhilitv of a phoumnouun wuuh] r'·"1I1t ill :'!lIlIi-IIIY Itl'udc. III'illl', '1:01\'11 ill
till' Pl'O('('~~il'll !Il1la. 'I'lu- h('ttlll'IH'Y 111('!'I'lll'I'I'III'1' illiflnlil!',llitl\l\I' 01 tIl-' lnuup
wa" a~\I',l'a\'al(,ll 11,\' (hI' u.uur« of the' iuitinl irupulsiv« "lill'l·l\jl. ,\ lill"',I' hHlIlP
('011111Ill' l'I'llt'alllhl,\ l'I'JIl'IlIlw'l'll if uuv 1l\·1'1':.lwot WilY 1ll'I'Illilt1'1\ ill t lu: 110\\ l'ili!'
at start-up. ('UIIV( l'H('I~·.(L 'l'olllldt'd' Htal't·lIll Will' filt' It'H!-< iudhlt'd III 111'(l(hwI'
nll,\' hump. FiJ\lI1l' 1i.10 ~ho\\'!' s(ht'lllillkall~' Iht' Ilill'I'l'l'lIt 1,\'1)('" or Ilnw :.lill'l lip.
anti Iholr l'(,!'llll!11111 ('11'('('1:-<.

(a) "I (_ '. (b) -Lc-= [c) "LL=
Fi!"I1lt' (Uti: Tltl' vnriuus I~'l)('!'l Ill' illlllllbi\'!' l'tal'tN, ill unlt't· of tlu-ir ('II!'('I til,
I Ill' llow: (al. l'OIlIl(lt'lll'lal'l: (11), itllplIlsiw ~,tart: (r). 1IIt1II'l'dillUll!'(1 iuipulslvo
...turt ,

In thiH lil~II\'t'.(a) l'I'llI'l'li!'lIts tl1l' itll'al slal't tu ruinimis« or vlhuiuat« Ihl' Jll'l'}.t'IU'I'
111'1ht' inlet bump. Till' upprnxitnuu- tiIl1l":;I'alt- (If I Itt' 1'I1\\wlt'ti porI ion of t hI' llow
1lI'('('I'~i11)'wa- of I Ill' unlor til' Hillin i\ ~il'('llIlcl, III (h), all 'icll'al'. ltupulsiv« start
b "IHlWll. Sudl a I,tal'l Will' 1wl phy"killl~' P().,,~jhll' l!tll' I () IIi(' moinontum 01 1111'
lluk! mul nn "IlIlIJlollt'nlq• 111 ~,()mt' ul tho )ll't'lilllilllll',\' I('~h., !lo\\,:-. whirl: 1;('('IIII'cl
I () show pl'Opt'I' hupulslv« sl nrts ,\'I'}I' 1',I'lll'l'all'll. 1111I 1111"'(' ah'.'a,\'s jlllllitWI'c 1 iIll!' I
11I11UPS, 'l'hv t hinl I~'ll(' of !'lllll't " (I') " f',I'IlI'm!t't! lill'l'.l' ,\1111 l'!'}H'ntablt, 1'11'1'1'''.,
Whil« till' fil\l\l'(' sll1l\\';; t hI' (I\'I'I'shlml I'xa L',)\l'nt I I'll, I hI' 1'1Il1l1l1'~1 ()\'('I':<lwol Wa"
~i\llIid('1l110 l'IlIl;i!' pl'tlhll'llltl, Iu Iar't t ho 11I'l'fl'l'II~' 'itlljlllbiw' "Ialls ~;I'!'II ill ~;Olll!'
of tit!' Iln'lilllillal',"rl'~;ult!, \\'I'I'!' 111I1I11'.!t1 tu ratlu-r Ill' of Iltl' Iunu ((.), hilt witl: 1\

vorv smnll ovrr-huut. BpI'all"!' IIII' I11I'0\'!'1kall." ,itIt'ill' hi urt " "I 1I\'1 l 11) • rouh I
Ilot Ill' uttuined, il \\'il~1\l'('ille'IIIo II1'i'.i1l (',wit II'~.Iwlrh II 1'111111111'1\,;Iarl (ill.

'I'lu- (';lllst' of I hv pI 1l'1I II1111'111111Wa:, lIlIl'III1\\'II. ult hmll',h it \\'W; 111I1I1I',hl tOllril'.illal1'
ill t hI' iulvt rout l'ill'l ion. 'I'h« iulot 11('1\-11111\11 It \\,i1~ f,JlC'rilil'Hll~' I\P:'i)',lIl'cl wit h it



('II.U'Tlm U. l'H!':U.\Il.v.WY /·;xP/·:m.UH.v'I:r110.Y !);

I:.!)] whirh ksul to a f;troUI'. u~dllatOl'~' :,tl'lIdlll'l' J,~' f]I1' tiul!' li!lf, is n-nrhnl, ,\s
IlC'lill'I', tl1l' dutu h(')'.' h SlllootiU'11. bill lIu' raw data fl'ilI'I'S dill !lOt show a 11\'
11I1'hll\('111 m'tl'f'a('ts in thh. di~t\ll'llI',l 'I'f\ioll" all m:dllatiolls \\'('1'1' 0(' it lmuinar
uutun-. '1'111' 1'I'1I11'1'1i1ll' tmn' (iI) n-mainnl lnminnr Jill' Ill(' I'lIli!'!' durntlou of
thl' ".:,,1. TI'ilI'I'~' (1) til (I) \\'I'II'I'I': ..tlid(,11 to a \'1'1',\' ,qllall purtion ul' till' }lip!' 0

till' 1'('I\ioll 1 <. 1'/U ' O,sO:i. '1'111' 11',\('1'1'>hom till' outvr \litl'l of t hb laYI'!'. (;Il
uml (n. I'>hO\\'I'I\ df'via!itlll;i, hut 1111':,1' I'!lHIII hi' i11I'I'l'l'I'11 tu IH' 11111' III 1IIH!'S llow
1'1l1l,,('\'\'atioli ('i1I'('h, 1'0111,,('(111\' tlu- variatiuu« (111,ltlTillf\ 1'11);,1'1' In Ihl' wall, 'l'lms
il sl'('lIl!'11 a:. if tIlt' lunuu lurv layl'!' 1I:;l'illal illU:~ WI'I'I' l'l"lt l'il'! pel I (I It vl'l'~' NIlIIIIl
portiou or Ihi' illll'l 1'I'Olilt" IIl'iU' 111(' wall.

0.3.,1 Entrnnco 0Hpc'ts and tho background environment

l '!tN' Ob!.II'\'al ill II or I hI' "'l!'I'~,ill 1 I\(' boiunl.uv 101.\'1'1' I hiuuiuI\ J'('I',iulI l'l'\'mh I hI'
III 1':.1'111I' III bUI,111 tl'i('i11alioll~', Whl'l'l'a~ hi tlu- l'al'!~' 1l1l1111l1,lty luvrr 'ltkkl'uilll\
llow I III' 11'\11'(':, an' \'1'1',\' -iuoot It mUil'!'I',nlal', Fluhl ill IhI' 1'1l1'1i1'1' l'1'!',il'tl (,l'igiuatl'll

from wit hill IIII' IIi!H', w Itl'n·;n. 1111' Iii tll'\' Huit \ luul out l'1'I't \ IhI' pi (l' litll'iul'. t hI'
1':qH'rillIl'1I1 Innn t hI' lu-ll-mont h. TIlI\s it };1'1'1ll!'ti t lint };1I1111' fill'llJI al 1:1!' inlet
wn» itltllldl1l~ a had:l\l'OlIutilillill'+lllllliIIUlI1 'lIlli:"" ill th!' 110w. 't'hl' ul':gin of
lhh, uui"I' waH nut I lu- Huitt ill lit .. t 1111, it~I'lr:I<l'lIiiuH of thl' Iluld (l\'l'l'uigli! 111\11
I ht, Hil1I11' l'lIi'l't Oil tIl(' h'wl of lib! UJIiIIH'I' i1~ it uunual l \\'lI mhnu I' /wlI Iiug t hno.
TIlI'Hl' pI1Ilmhatitll1:; WPI'I' t 1111;'t llllllf'.hl to lIl'il',iullt(' oithvr Irom Illl' illl t joiu,
Ill' rnll'l hllPI'rli'I'tillll~ ill 1111'1'1I1l11';tI'lioll ih,I'\f, Hl'gm'llb,s ot' Ihl' Homl't', lh(,~iI'

1lI'l'llII'lmlillw, WI'I'1' Pl'I'cil'llt ill all IIII' It'"h' l'lIl1litwtl'd. II };I11111ItlII!' uoll,t! thut
I hiH IUlI'hnt'ulllHI l'll\'iwUllH'lll if' vitt IIally I'ullhtallt wit It tiuu- ill till' 1WI malz,ml
trilt'I'~, thaI i:-< Ihl' rutlo /I'J['". (/II hl'illl\ Ihl' tihllll'hal! " illlIpli1ndl') 1'1'1Il11itU;
lil>:I'(1. 'I'hi« luvarinu! lu-huvlour if, iell'HI IiiI' dlal'ill'II'l'I',ill1\ Ill!' 1'I'h1l11 alii Iluw
lill1ilhtl!lWll: liuitl"Hlllpliltldl' i\'llal~'};I';, [til'l' 111'l'1)('l'I (l!llo.,o,;ll (IJllIlIlllllly IIHHlUU!' It

Iixvd 11'\'1'1of J,;U'i;I',UllIlllj tlh,llIl'hahl I' 1'I'latiw 10 Ihl' 11 I'jUI Iluw rail'. III 1111'
light 01' t hI' itll}Hll'l all!'!' 01 'II!' hld'l',I'IIlWtl lli~,llIl'hall\ I"· 011 I lu- :,1ahilit~, or I hI'
}l~'cll1'111, it iN hnpor: aut 10 qllallt il\ t hI' 1I'\'d of (lbtlll'hallt'l' 111'1':;('111. 'l'his lopito
i:; i\llth('~i""11 ill tll'lail ill 1111'1'011ow illl', dm)llll' •

•\uol !tN' luk-t I'Ili'I'1 in I hI' llr-w i~i~,hO\\'1I illll'ill'I' (I) of' HIlIII'!' li.!l, wlu-r« it huuiuur
'bunip'vnu lu WI'll al Ih,' tl'illl!,ilioll pnin: 1'1'1\\1'1'11 till' 11IIIIlltlill'~'lawl' 1IIll'kl'llilll\
nud l!tiuninl', 1I·1'.ioll~ (OIl uhout t l:i HI. 'l'hi« lnunp is oulv ('\ i,h'lll hi 1hi;,
pilrt k-ulur 11'<1('1'ill I !tI'!igl\l'I' ilN 1'1'1':'!'lll'l' III ilb;;PIII'I' tllll'ill1', 11';,ting WiI:, ('III i1'1'1,\'
I'H lit IIII II " 11\11il" IlIiI~\l1itl1tlt· ~"'I'llII'll to hI' /,,1)\'1'1'111'1\ bv thl' 1ll'litil~ 01' till' impulsiv«
How 1,1 art, 'l'hus t hI' shapl' of I hI' '\\'il',I~h" IIf'I\\'1'1'1i I iuu- 111 .uul ::0 1,I,t'owb ill Ira!'!'

(1) II'm. 1101 1'1'pl'alllllh': ,llIolhl'l' 11111 ill lilt' hll'lIli1'lIJl'a ",11 hialilllllllif',lil shuw 1111
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0.3.3 Inlet behaviour

It waH 14110Wll aho\'(' that th!' Ilow "xliihitl'cl variouH Htngpl-Iof dovolopmont, l)lU~H-
iug t.hl'(l1!gh 111(' ('arly parallel Htagt·. through an ('lltl'ttU('(' flow Hill!';!. 1U1I11'('Hu1t-
iug ill it trallHitiunal i'ltlll'.l', TIH' ol'igiu of Ihl' flow lurukdown • Ih!' time (t) ill
ligm(' G.t{• within th(' pip!' Will' lIOW ~i(lllght. hp(,atls!' tho turbulont breakdown
uf tilt' How iH intinmtely involved with the' iUf'tnhiliti(,H of tIl(' flow.

A hard turbulent Irout waH i'i1'1'1l fill' dOWUHtl'P,Ull, aud W,' , assumed to ()l'ir;illat<·
somowhcro in tho pillll ontranro, having 1)('(1111'()U\'('('tt'!I downstroam, It wns
howovor 11111'1('1\1' what would 111'vlslhl« right at I'll!' pipl' inlet. To dal'ify tliis,
til(' LDV wn« PO:;itiOllt'ri IlH fill' UPHtl'Patu aH l)()HSibl(,Hand l'(latiingH were taken
hoth at coutrelin« und at vnriou« tlOHiliollH urur till' wall, V('lodly timo Ira('(,H
Irom this HI.a1·iull, uonnallsod al~aill with 1'1'[>1)(1(" to tho controlln« velocity, art·
giwlI ill figlu'l' 1i.!1.
10 --.--=.~~='-~="-"~~=,- ....."="=='=~=<="'- -=

o '<=~=,,"""<=7="= ~l""u"""""J_="';;;;o:.i-- ""-"""'''''"''''''" •.,.1------ '",''''-'-''''':.",.~- ",-,,,,,,,,,,,,,,,,,.-.1, .•=,.. ;;-=;L".",--=,-=.==

o 20 40 60 80
t (8)

Figll!'!' (l.!I:A uorurulis«] Hpt of wlol'iW, thu« t l'!t('(I}j from tho axial station ,r/ U ~;::
12,:H, Iroiu 1'I('}('('II'<1 radlul ]lositioUH: (1), rl R O.f)(j(j; (2), r/ll Q O,02G; (3),
I'/H c-, O.!l1(i; (0'1). ,'/It O.I'!l:i; ())). \'plItl't'lhlfl.

AN holor«, t IH' unl: i'> of 1II(' ,'pl'tkal HI'UlP 1\1'(1 Hl'hitl'HI'Y and nnlntportunt, C()U-
Hitl(ll'illl~ Ihl' t'nriy lmninur clovolopment of tilt' How (2 ': t .;: (ill H('('()UtlH), it iH
imlllt'diat(·}y pvi(\t'llt that bouudurv Ii\~'n' thilllliug il'l ()('I'IIl'rill!~ lWIU' 1,11(1illlt\t
100. Ilowovor t ho t hlnniiu; pun JOIl of t hI' Ilow is fill' rnur« ('xt(luHiw 11('1'('thun
ut dll' (lOWllSll'I"'" Ht at lou. At 1111'1'1H'l'I'Ut lllt'as\ll'ing I'Itat;i()u. the \lollllllm'y
hWfll' thkl,l'uillg ('ll(lH at Ihno t ~ S l'i: IIguiu tho l'('wl'siou to the thlnning tYl)('
systt'lll is H~HIl('i!\tpll with tIlt' JlilHl'iiul\ or till' lulot Ilow, Lumlnur dovclopmont ill
till' htlllUdm'y Invor I hillUillP. l't'I',ioll ('0111 i1l1lPH lin' all ('XI('IlSi\'(' timo. At uhout
I ,iii pl'l'tlll'ilatiollK Ih'Vl'lojl ill tho boullIlal',V Javor [spl'dflmlly tl'lU'('i'l (1) awl

IlIrr;I' I,ll\, could nut hI' IUO\'I"\ 1111till' wav (0 till' pipl' inlet, hI) tho "llIalll,J)V hoad,
11111\1'11to lilt' laM'I' bv Iiilw'optil' I'all"'" wa~ I(:,I'I\.



CIJAPTER 6, PlmUAJINJlIU' BXI'ERl;.UEN1'itTION

10r-----------~---------~-----------

~J/?c
6\~i ~·~~c~t··..
2

I I
I I
I I

8

DS

20 I 40
II)

I (s)

Fi~I1r<·{j,H:A nnnualis«! wi of velocity-t huo t 1'm'I'S from th« axial station .1'/R ,:::
100.25, Irom ~(lh·(·t('d 1'1IlliillllositiOllK: (l), I'/l? "1l.!J:11: (2), 1'/R::.:.: O.8U:J; (3),
1'/ R ::::O.71G: (.1), ('Plltr('lill!'; (l), iulo! •frollt '; (t), point of trauxitlon.

I (10
(t)

80

of about 2ii ~, UHgiwll ('arliN' h~' equutiou (i,I), but that ostimato was 1\
shnplo first approxhnariou, 'I'hv pll('110111C'11011 O('('IIl'!'il.lg at Lhis limn is of
It global, pipe-wide, nature: 1)1<' I'Hlil'(' flow development l'C'VC'l't.Hsmoothly
to o~.\' wit h a t.hiullillg hounrlnrv Iuyor , 'I'his l'I'giclll is roatrlcted to the
thue 3U <; t < Iji! i'i1'('Ol11t'l,

(iii) Stnrtill!~ luitlnllv ill 11'11('(\(2) at tIll' IhllC' (t), flow broukdown lH'gillH, Th«
iustahility H}ll'l'luls nulinllv !lud grows temporally, aud a plpe-wklc h'II11Hi·
tion to turbuloure (lll~tt!'~, TIll' currout Irat'('~ nro smoothed, thus elimi-
lIatiug tIl(' tTaHsil ion ~llil((I shown ill (jr~IIl'p G.,l. hut Hpilt(,H aro ovkleut ill
tho ruw datu ill till' 1111('1'Htaf\!'s of trnusltlon. 'I'he porlod of hroakdown iH
ItJllll'())(illlalpl~' [iii <, t <: !i(J H. art!'!' which 11H'Ilnw hp('OllH'H fully turbulent.

Tho revorsnl of IIU' 1)()\\lhin1'Y layl'l' (1t'\'!'lO}lllll'ut WIIK ovklout at every mousurlng
st atlon in t Itt' !H'('P!t'l'llt ill'l pil )(', 'I'ho point at which How development l'P\'('!'KIt!
orenrrod Will' ulwnv« ('om,j:.,It'lI\ with IhI' urrivnl of t 11('lulo] front, TlmH Itt axial
Htntlous dO:;t'l' to tlH' inJpt Iho 1'1'\'!'l'~iOIl to 11 t hiuliP)' bouudarv lay('!' orcurrod
('lldi(')' Ihan at t II<' furl lH'1' dowustrotuu Jlo~il iOIlS, For the' snko of da1'ity. th(·
1'I'giOll (I) • (t) ill linnl'l' 1i,I' WIIS dl':-<i",ullt('(1 a~ th« h01UlIlnl''v lILY('!' thilllliug or
Killll)ly till' 1I1imlill!ll'p,~ioll 0(' tIll' lluw, '1'111'h1'l'akd(i\Vliof th(;-ll\lilfiUlr1r(lW~To II

turbulent slah' Ilh\'a~'~(ll'('I11'1'('<] ill tll!' hOlllld"l'Y laY('l thlnniug part of till' flow,
amI till' liming alit! jlw,ilioll of thi" phPlHlIllP1Wll h. Cli!-iI'lISH{,(j ill th(' foUowiup;
:i(·c'Holl.
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('J_J_J_J_:siI'
(1) (2) (3) (4) (5)

(b:_J_J_J_J_5 r ~

,~

I
!

(I) (2) (3) (4) (J)

I~ignt'!' (j,7: A schematic l'('lll'!'HPutatiou of' tho development of the v('loeity profllo
ill an uceolorutiug llip<' Ilow: (it). '1'1\(' phYHiI'n.l SYHt('llli (1)) I HI(' uonnallsed
system, Profilos ill'(I lahelled (1) to (Ii) ill urder of dovelopinent. 'I'll!' right .111\1\([
aido of t11('Iigul'!' shows t11<'pro{il(''; HIII)('l'ill1{lOHC'd,

Usiug tho ({I\l('('llt of nonualislng tin' wiodty profilos with rC'spN'l to tile moan
flow rut (I, tho W\('('S ill figlU'('s (j,1i and (j,(i can also he normnllsod, This is
attained simply hy rllviding t11('wlo<'ity trm'(' by tho IU(111ll How rate ns obtained
from tho olectroningueti« [111\\,1I11't(ll" Figuro (j,t' shows tho data of those previous
trncos thus ropreseutod, bllt wit 11some 1.1'I\('('S Irom illt\'l'lll('(liat(' radlal stutions
also given.

'I'ho vortlca! sculo in this Ur;1U'I' is arbitrary und uuimportunt, since tho Intoroat
is in tho variatioll of tho 1:1'(\('('1'1with l'{'Sll('('t to ('Hch ot 1)(>1','1'11('flow d('v(l]opmc'llt:
shown hero ('1(1a; , t'OIlHiHtsof 1'111'('('r('gi()lI~:"

(i) III tho lit's! rogiou l'll(,()illllas~illl'l 2 <, t <. 3(j seconds, 1'11('flow shows
dU!-lsk ttl'Vl'IOllilll~holnwinur with bnnndurv lay('1' growth lndlcatorl hy t ho
Ilt'('rN1H(' in till' nonnulls«! hOUlldnl'Y iayl'l' v('lo<'ity and commonsurnto
iU(,l'(,HH('at controlln«, As run hI' I'P('ll. tho Ilow d(,VI'ioPH mpidly away
from tho initial 'top-hut' prolile Ill' flow lncoptiou. III this reglou, tho
uormallsod development iN l'l'IIHlrlmhly sinrilnr to t1mI' of (til hupulslvely
I'tnrtl'<lllow1,

(ii) At tho point (i), tho flow bohnviour dlltllg('S ro.tll('1' abruptly. with the
boundarv liWI'l' devolopmont 1't'1'1'1'8ill!/ ilK t1'<'IHl and ll!'tnally l'c'cl1ll'iuf, in
thkklll'''H, Till' tlm« (i) is ('Ow-iiSt\'llt with tho couvoetlou of th« illl(lt fl'Olll
dowustrenm; that Is, for lillll';; aft!'l' 0). thl' flow iHau (lutr!Utc'I' now, 'I'ho
tilllillg of this lwillt " t :::::;i."i H· j" loul'.N' than tit!' (,,,tiulItt!'<i Inlet tilH!'

illlllllisi\'(' Ilow ('1111ul-.•, 1)(' 'nonnuhsvd' with n'~'III'('ttn its IIIt'IUI Vl'lo!'ity, but in tlll\t
('USI' tilifl \'('Iority is It ruustunt divisrrr on tho velnritv: thus u unnunllsed truro ill tho lmpulslvo
('asf' is Hilllpl~' tho 11'1I('!'sruled h,\' !h(' 1Il1'1\U \'l'llldt~',
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0,8

o ,__ _.__~_~ =__ ,_~_..J

o 20 40 60
t (s)

80

1/ (m's) 0,6

0.4

0,2

Flguro (j,(,: TIH' smoothed wall t1'IU'(' Iroiu t Itt' axial position x] R := HiO,25, Tho
radial station is "jI?::_:; {],[J:n,

tho turbulent front ii'! of major iuiportnuco: the prolhulnnry <lata nbovo ludlcntod
11phenomenon ol'iv;itmlillV; within IIH' pip!' somo time aft('l' flow Inception. For
this reason the I'XIII'! nature of till' initlul lumiunr flow is ('([unlly important sinco
it iH thiH flow that iuitiLttc's tlw illstabilifi("~ thllt )('11<) to turbulonce,

Tit!' ligul'l's G,5 and G,Gill<lka!l' indivklunlly till' devolopmout at the pipr con-
trollno and wall 1'l'sp(l('tivrly, III order to ohtnin 1\ [U1ll\1' picture a composito
rcprosentatlon of till' Ilow bohuvlour must 1)(1obtalnod. What is occurrlug ill
thiH partkulal' flow is t.ltl' t\C'VI'IOPllH'llt of t II(' velocitv prollle aWtty from the 'top.
hat' form at Ilow ilu'('l)tioll, through it rang!' of other slllt)lNl IlH ~'imp prop;l'!'HHrH,
Simultaueously tho moun How i:-; iU('t'('Hsiug rapidly; thus thl' magnltudo of till'
profile is also iUCT('asillg, Whnt is or primary Interest however, iH tho I'lI!1.ug(' ill
shnpo ulono, tltl' l'llltlW' in muguitnrl« l)(Iiug simply exponoutial and dl's('ri\)(l(l
oxuctly h~' the menu How variation ill tim!', 'I'hns, It 1)(111'.(11'ropresoutntion rot, tlit'
clata would h(' s(,ILIc'cl,u'(,Ol'lliug to till' IUI'I\II v('lol'ity, Fil~I\l'l' G,7 shows sehomat-
imlly tllp dovelopmout of till' wlodty profile, both ill tho IlhYI'ic'I1J Irnmowork,
uud uonnnlis«l with l'('sPI'('( to Ih(' uiouu velocity,

III t.his fignr(' au nrhitmrv volot-itv prolil« developmeut has 1)('<'11 shown, from
a 'top-bat' pl'Illik (1). through KOIlIl' Intormcdiut« profllos, to it 1l1l1'lt\lolk filial
profllo (Ii), III tIl!' phvsirnl 1'I'fi'\'('W'l' :-<ysll'lIl (Il). it is obviuus that tltc' proflk-
shnp« is ('haugiug. hilt it is nut exuctlv 1'11'(\1' to what extent tho subsequent
proIill't. (lilI'('I' from ou« another, III (Ii). thl' 1'\a 111(' pl'Cllil(,H us (It) nre shown, hilt
ouch iK nununlisorl snrh t hat its moun lluw rat« is unitv, Without tho Ht I'CllIg
scaliug (l11'('('t, IIH' bouudurv la~'l'l' (l(1v!'loPIllC'Ht is illlll1('(liatc\ly ItpPlll'l'nt, Tho
prolilr« ill t his Ilnur« at!' how('v('1' si1llJlI~' lilhl'imtiolls: moro ill tl'l'l'St iug would
Ill' tIll' ln-hnviour of I hI' urt unl oxperluu-nt ill \'(Illld(~' jll'llfill'H,
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combino.l with kuowkxlgo of tit" «xponoutinl flow variation, allowed [Ill' calcu-
lation of tho approximate time ,tt which Iluid from the inlet at flow lncoption
would arrive at t ho ('111'1'1'111 mensuriug "t n t ion. Using tho flow 111('1\11 velocity us
the' approximnto convect ion volocitv, l'lllpl(l~'illg t he relation

.~::o I' (!(t )ritin (G,a)

would allow shuplo enlcnlution of til!' menu fluid (liHplal'('llH'llt with tim« ill the'
Inlet. If til!' 1ll1'IlU flow variation with thn« is

U(t) :::;::fin ('xp(kl), (0.4 )

then till' moun dlsplaceuient of fluid rlownstronm for a giV<'ll UUI(' t is ;!;iVI'Il by

Uu
S ::..-:T I'xp(ld), {(Uj)

1"01' tho prctotvpical llow ('lllpl()~'l'd Itl'l'(, It value of ", :::: 0,03s --I was used, the
value of till' coustant Un was O,I11H 1I1/H. anti til!' axial displacement Irom tho
Inlet was s == 7,72·1m. H!'ilrl'ltU)!;(,lll('lli of ((J,5) resulted ill the oquation

(G,G)

uud solution ill I('rllls of t gil\,(, It value of t :" 2·1.a SI'(,OlldH.

Tit" shupl« cnlculation nhov« dIll, oustrntod tim! tho tillliug of this front did not
roinckl« with till' l'on\'!'I'tl'd inlet fluid: tim! is, this Irout did not originate> at.
tho inlr] at. start-up hut at a 1I11ll'i1 later time sOIlI!'wh('1'1' ill tho I'lltrltll('(' l'(lp;iOll,
111'HS1ll'1'1l1l'nts at titl' wall for t hI' }lilllll' axial station H1IoWl'd simply tho convected
front too: HAUl'!' (J.n shows a xruoorhod t IW'!' Iroiu til!' SIUIH' nxlal stution, hut
Irom radial position 1'/R ;co D.!l3l - a jlositiou well insido tho I)()Ulldury I£WI't',

II!'r!', aftl'r tho initial impulsiv« ;;till't. 1IH' houudurv layer slarls 1() thieken with a
result that t.1I;'V!'l()dt~, at till' wall rodures. II()\V!'\'('r ill till' 1>1'('1'(' lit, ('Its!' till' IllPIUl

Ilow ratv iH illl'l'!'asilll~ oxpuuonrlallv: it is ulldl'lIl' w1l!'tlll'r IIH' boundary laY!'l'
velocity is i111'l'!'lIsill!\ or (\!'I'l'l'ltSiUA I'l'lal ivo t n t hI' routroliuo value. II()\\'(,\'('l'
ILt. about ,10 HI'(,!lI\!\~, till' \'('l(}dt~, ill til!' h()lllldl\l'~' lay!'!, Htlll't:; to increnso lit

lUI {\('('('il'l'lttl'<i 1HIl'I'. until till' OI'I'III'l'I'II!'" of til!' turbulent front at 5H SI'I'OII<\S,
Aft!'!' thl' passing or t hI' Irout, til!' 1ll!'1I1l turbuk-ut \'('Illl'ity is much high!'!' than
tho lnuiiunr 0I1l' lwllll'l" This is ('()llsist!'llt with the boluwlour of It t urhulent
houndurv lay!'!" which POS!-'!'IiSI'SIt lli~\h rat I' of shoar at thl' wall, TIH' orluln of
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of the inlet contractiou was uukuown, I3y moans of a simple timing argument,
the downstream IlH'a:O;111'l'IlH'llt would iudicat« whether a perturbation originated
from the> i111('1 \)[I11-111011lh ut iuroptlou, or whothor it originated as a boundary
layer phonomouou olsewhvro ill 111('pip«, Figure (j,,1 shows it typical s11('l1 trace
from tho axial statlon at It dil-llalJl'(' ,1'1 U ,:::-;1UO,25 Irom the inlet plano, while
figure (>,5 shows th« KllHH:tlll'l\l'('l-lult,
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Figure GA: An lllljl1'()('pss('!l rontrolin« 11'1\('(' f1'o111 tho axial position ;1:1R ==
IGO,25 from the prellminury oxporhnontutlou, showing til(' ()('\'\11'1'(1ll('(' of a tit!',

bulont front.
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Figtlr(' {j,5: T1H' slllOo!h('d ('('urn'IiIH Im('!' Iro-n the axlal positioll.l'IR::::: 160,25.

1'11(' uuproross«! (lit! it • Hp,\Il'(' 0.·1 -cleurlv shows It convected turbulent front
passing the 1I1l'IIS111'illl!, xtntlou ilt tiuu- t:::; liS H. Prior to this llO convected pho-
uomonu W(I1'(, ovklout. Consklorntion (If lIIP axial stutlon of the mousurcmout,
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6.3,.1 Data smoothing

Drttrt nbtailll'li Irom all LDY is inuatl'ly pl'Obll'malk, l)l'illlarily Iwra.llsl' uf its
random limp base: that is, th(· rime hptwPl'1l l'('iUliuW' iii rundom. This OC('UI'::;

h('('lltlHl' tho LDV iuousuros clisc'l'P!(, evonts, lHtllll'ly tho travorsnl of till' llJ('aHurill~
volume by ;\ s('(,IIiIlA partk-le. Furthonuon-, niousureuients ill tilt' boundary layer
art' Hllbj('('t to hroadcninu duo to spatial gnulients ill the flow5, '1'11(' smoot hil1~
algorithm (l('fiuc'(l ill ):.C'c,tiou:l,·1.2 \Va" It;;!'ll 011 all LDV data obtained, b ""d(,1'

to place tit!' dat It nn it 1'('Aulal' I iiue- hasp, and remove broadonmg.

Th« smoot hing PI'()('P( lure was opt innun Ior tIll' ('111'1'(,UI.dnt a, bocuu« .".
i11C11' variatiou of t Ill' llow was of interest. TiI(' prorodnro d!'('ctiVl'ly acted as a
low-pass Iiltor 011 t hI' (In! a, l'!'llloviul\ I hp high Iroquenry coiuponout, AH 111('11-
tionod, this rosult«! ill t Itp turbulent l1<ll'ls of tlH' Ilow I)('inl~ :lV(lmANI out: how-
('V(lI', optlnnuu I'PPI'!'SPllt arion of the Iamlnur and eurly transltory pal'ts of till'
flow \\'(11'(' Ilf jll'imHl';\' hupumuu« As will IH' HpplI later, Ih(' deviation from
till' shupl« laminar stall' WUH it,.;l'!f lmuiunr with 110 high fl'('<ItH'II('Y components,
tl1\1s smoothing Ill' 111(' durn wn» I\('(·pptahlp. On till' prurtiral Hid!', tho smooth-
lug 11l'()('('HS reduced tho datu Hh\!' cnnsklomhlv, allowltu; (·asy manlpulntlon of
tIll' reduced HP!'. '1'11(1 raw data had HII tW(,l'nl~(1 datlt l'lltl' of 1I('('.W(I(,l1 IIiO llwl
500 Hz; till' output (lata from this !JI'('-lll'O('('l'sing PW(,l'HS wa» smupled at 10 IIz,
which P;itV<' a HUllP than udoqunto <lata <!puHity for subscquout observation and
procossing.

It should hI' nvulled that I ill' IIl'O('('liliil1l~algorithm ill S('l'tioll aA l'(lquh'('cl throe
paramoters: a thuo window. it t imo iucrouu-ut and a standard deviutlon cut-ell,
Tho time Inercmout waH t nkon U'l 0,1 H(I('011<\S, rosultiug in tho 10 Ilz slUnplilll\
1'I\t(' Iks('l'illl'<l 1\1l()\'l' , '1'11(' \ illl!' window P1['I,(,thI'Iy ('olltl'olll'(\ tho band-width
of smooth«! data awl was spt to a valu« 1>(Itwoo II (J,li 1\11l11.2 socouds", TIlt'
stnndnnl dvviation ('lit-oil' limit \VIIS S(I! at t !tn'!' standnrd (\l'viatiollH, in common
with dn Silva (10!)O), Of rours« til(' w{'i~htl'd moan and woightod standanl
deviation al~()l'ithtllii [Mcl.auahllu .l: Ti('(I<'l'UHUI (toia)] W('l'1' omplov«! HH is
appropriato for LDV rlatu,

6.3.2 Behaviour far downstream

Till' IIlOHt downstream stutiou WIlS chosou h(I('all:;!' it waH tho positiou most
lil{(ll~' 10 ('\'1' lit nnlly ('!l:hihit a d('vtatio1l Irorn Ill<' lnminnr stal('. This WIlH 1)(,-
caltSt' any t rallsi tiou ()('t'lh'l'iIlA at 01' 11<'<11' t Ill' pip!' inlet would uiost ('(ll't ainly
1)(1couvortnl downstroam, It WIlS l'Pllsoll(,d t bat Olll'(, [\11 ('\'pllt was idontiliod, it
could Ill' truckrd upstro.un to its puiut of iureptiou. FII1'thl'l'lI1<I1'(' th(1 hehuviour

tho I'lrl'I'ts (01111'11Inlil1l\ III tllt' 11<11111'('of t h« I.DV Hil~lml WN!' dlsl'Uh.it'l! ill <il'tl\il ill
rhuptor 3, 1111(1will not 1H' plahllmtl'll 1IJlOll ln-r»,

I;Thls window IHll'aml'lt'1' \\'a~ \',ll'il'd ncwrdil1l\ to till' datil dousitv of tho input ~Igllal, It
\l'IIS uttemptvd tu rusun- thaI pal'll 1IIIII'·,Ii((' IIf tilt' dara runtuinod upwards of 2~ dntu points,
In urdvr In ,'IlS11rt· 1I stnusurnllv valnl p()plllillilltl.
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Figtll'l· ... i: Sl'tlh'll wlodty thuo 11'111'1'" t'lIlTl'''IHllldin!\ 10 till' wlodt" prnlih- FB:i.
illust l'a[illf~ till' point or dl'\'ia( jon Iuuu laminur lIow ill till' pip!' 1'1l1!'alll'p. TIll'
Il'iU'I'S l'Ol'l'I'N1HHIlI III tho followinn nullal :·.tatjollN' 11). r tl,!li:l: (~). /' tl.Hr,:.!:
(:I). I' o.n:l!l; (1). /' n.m)i: {!il. r tJ ;,;x!i: (tl). /' tl.X!i:l: (I). r ll.sll: (Sl.
" Il.sl!J; (!I). r u

Tho !'1l!']Y deviation ill trncrs (,I) ,\l1[1 (li) Wil~ uot itpP itrou I ill most of t.ho otlit'l'
Pl'OIil(';l IlIt'H~lII'l'd,!IllI III(' poilll of ~I1'0Ill: dl'Pill'l1lt'P (al :.!i ,~) a'wit,\'s wah, )it·(··
tiou !i.a !'tl!'lil'l' ill tl1(' dmpl('l' lU~I'IISSI'II 11:" \'!Il'iahilil~' ilHt'll)('iall'd with t ho thiu-
nillg portion of t.1l{' flow. !lll(l thl' onrlv (ll\\'iatillllH Iu th('st, two 11'1lt't's \\'(11'('
thOll!l.hl. to Ill' purt of that llow phennmouou, nul t'arl~' JiIlW luvnkdnwn, That
I·hi~ WilS HO, wns ('O!'l'ohlll'i\! ('II bv 11ll' fut'! Ihal IhI' cnrlv Ill'vial Inn onlv ()('('lll'I'!'11

intpl'lllit.t('ntly. 'I'ho lutu-r tll'viatiollH lit ;;:;::~7 H W("" lIm:" taken aK tht' point
nlrloviurlon, Agaill, tlH' t'lmfllHion mul i\lllbigllit~· trorn limitntion» ot' till'
1.1)V, 11a 11lI'i y' its poiut-mouxurement t'npa!,ility.

TIll' lalt(·l' Ilppll1'tlll'l' (t ~ :.!i i'i) !It'I'IUT!'d vil'illall,v Hilllllltilll!'OIl"I~' tht'o\l)\ito1l1
t!tl' ('ulil't' il11l1'1'hnnudurv Inver [1rllt'I'H (1 \ III (Ii) ill (i1\lU'1' i.il. 1'11(' \'i\l'iithiJil~' ill
itll'(llltioll t lm« IH'lwt'l'1l tl'iI!'t'~ WiI~('()lllpllmblt, t () (1)(' variation ill I iluing \H'IWflt'li

Im('!'" Irorn t hI' i'iillllP radial Hlalhill. III ut li!'!' words, till' Ilnw luoukdown 1'0('1'1111'(1

10 lit' (H'I'IIITing :-;illl1llt1l111"'l\:;iy t Iuuugltuut a lal'/Ii' purtion of IIII' IHll1l1!L\l',\ lavor
ilt (lilt' liI111\:I. I'h« 1111'1'.1'nulial oxtou: or thl' initial (1l'viatioll itupli(,tl Ihat ilK
timing roukl hI' iufl'l'I'l't\ Irum u Hill!',It'I'HI'I'J'nlb' pl,I('I't!III1'n1'lm'illl', xtnriou within
IhI' hoiunlurv la~'t'l'.

iilunlltl ht· ft'I",lIl'll that thl' pron'h!' Ilf llow hu-akdown \\',Ii, :.1(hjl'('1 til \,ill'iilhihIV; tilll'.
tIll' (,lImpm.il!' rt'lll'!" 'tathm tohllll'll ill fil\Hrt· 'I" b uot. il ':'nilJl~ihllt' IIf ,I ,illl\lt· «vr-nt. hut
mthpr tho HlIpt'rimp". ;11111nC tlilll·fl·1I1 1'\'1'111:.,
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Fi",lIl'l' 7,!i: Voloritv I inu- Irilt'!'" l'IJnl'~poll!\i1w, I (l IhI' \'t'lodl~' ]l1'O[i]1' Fll!'i, iI"
lust ra1illg 111I' point of (!t'\'ial JOIl from lmniuur How ill I II!' pipI' I'IlII'ilUl'(', Tilt'
tra('('~ rtll'l'!'}l}!OIHi 10 IhI' i'ollowi11!',mcli,1 -tutinn«: (I), I O,!li:l: (~l, r n,w,:.!;
(:1), r C O,!I:IIl: (1), /' n,!lI)i; (!"iI, r (l,ss:;; {Iii, r O,KIi:l; (i), I' ll,sll: (S),
I' ,,~.(),Nl!l; (!J), /' "0,

10 ,10 .to

1oIVai'd I Ill' houudurv lnvor illIt I t hI' «'I'llt n' 1)1' t Ill' pi Ill', S I I'lllll\ laminur 'Wil',!~lt's'
111'('SI't'lI ill !rat'('S tal 10 (Ii), while 11., Willi Il'at'!'s (1) awl (:2) show it dlHl'ilt't!'risl it'
drop-ell' ill wlodl,V, '1'111' ('('lIlrt>iill(' Iran' l!l) l'<'luaiti:<: t'(llllplr'(t'b' 1l1iall'«'«'II'(lllhlil
ahuut I :12N, at which poiut it p,\hihilH a ti!'('liw' ill at't'(Jl'«lalH'!' with IIII' t,lnl'!
of t nrhnk-nt Ilow las ill! lit-al {'d h,\' IhI' sharp ilWI't'a:;1' ill IT,It'I'S (1) and (:.l)1 ill I Ill'

bouudarv la~'pl', Altvr uhou! :Ili s, lilt' ont it'I' l.enudmv la,\'1'1'h turhuleut l til('
Il'm'ps huv« ht'l'll smoot hcd uud t hus oulv show IhI' 1lI1'illI «'OlIlIltllll'lll), 1.11hOl1l',h
III!' ('l'ull'dhH' llnw l't'Umilll' most lv lauiiuur. .\s lH'!'o1't" I Itt' l'l'pl'l's('lllittiull ill
1i)',IIl'(, i,li is not optiuuuu ill t hat tlu'll'at'pS scalI' ill tinu', linl'to Ill(' oxpuueutinl
uuturo of IIH' Ilow. .\ 111111'1' !lpl iunun 1'{'lH'I'H'1l1 al lou h, uh! aitll'tl h,\' llivi«lilll\
I Itt' ti'ih'l' ,,(\lodl~' h,\' IIII' 111('1111('I'tn';;'~it,t'lillllill \'I'ltldl~' ill' uhlililll't\ Irnm til!'
Ilnwmorvr. TIlt' 1(';;111101' lilt' }ll'illilil', or thl' aho\'!' lignn' b »hown iu linur« i,i,

()Illy IIt!' I'!'lnt i\'l' l)('ll1wiulll' of thI' nonuulis«] wlndl,v II'tlt'I'S b itIlIHH'1alit 'I'his
b hl'('itllsp lilt' stll(b' of I Ill' llow hl't'al;r\uwll ill tltp ('IlIT('llll'oul!'xl is uuavnklul.lv
lJltlilitnt ivr-, Sillt,!, 1hI' Illil!\llit neh' or t ho t!'in ' \\'m, Ill' uo t'tlllfiPqlll'lll'l' ill t lib Jlilrl
of IhI' sl1l(h', it \\'a" not 1H't't',,"al,V I (I }>\'all' till' dal II ('!!l'It't'l lv, TIt«,1.11\' \'('Iudl v
\\'US Hilllpl,\' tli\'itil'lil,v tit!' lluwrut«, nurl t ho vort irnl }it 'all' ill Ihl' Iif',llll' is l\tll}>
IIrllil l'IlI'~', 'I'lu- lull lH'hiwiol\l of lilt' llnw iK fill' Illtll'(' appill'!'ul ill t hi,. 1i1',Ill'P: t 111'
rvutreliu« \'Plodl." tIiIUilli"ltf'" 11'11111nhnnt I I:! :'" ilulil'lltill!', til!' :;lal'l of Ill!'
t hluulun II(lW 1'('I~illll', TIlt' rloviutiuu pOill1 :,IIO\\'II ill tl'i\('t':; l'll allli (:i) ('1111 Ill'
~i('('ll 10 origillal!' ill all !'a!'li!'!' timv , at uhout ~1 fi" hut b still dl'lIl'b' ill llit'
Ihiuuhu; jlorl lou of' I ItI' 1I1l\\', ~ [Ill't' uiarked ,!c'vin I itlw; uerur ill II nmuber 01' Iht'
tnlt'(';; nt ~Ii .!i;;: htl\\'t'\'I'I" I1U'hul!'llt'I' oulv },tnl'th dt'\'t'lopill!', nmrh lutvr, ill
;l:! fi,



111

}>I'1' tost. 1>11(1 to till' :-:lllall!'~J)('llS[' or t h[' timim; Illl'aSlIl'PlUl'lItS. mnnv snvh mvn-
HIlI'['HII'llh; WI'},[' illt!'l'SPl'l'c'I'!1 ['\'['lll," 1)('1\\'['('11 1lit' whlvlv pin!'('ll prolilo statioHs,

Fh\lIl'l' i,:; sll!l\\'s t lip 11('lll'ml llnllllgPllll'llt of Ipst inr, Mtat ions ill t Ill' pip!',

'I' prnhlo Nomo

I"., .. r .. -1' .. ,
II i i r i I' j ~ j-( I II

UminJ liming Itminn Ilnlllll' IImmn timlUl~ (mllne IIlnine

Fif'.IIl'[' i,!i: Tit!' gl'jl!'l'al db! rll.ut ion of II'~t iug ~t\t iOl1~ ill till' pipl' 1'1ltTillll'P
l'!'!'.ioll,

7.11.1 Point of dovintiou

'1'11(, all111kahi1it~· of dllHltiilll'. it Milll'.ll' rnrliul pnxit iuu at whirh ttl II It'HS1ll'I' t hv
lrunlunt rloviathm is pl'rhi\p~ lH'~1 ill,lfill'ill!'(\ hy 1'()ll~it1l'rillg data In.m it 1111l
volorltv prom!', .\ suit ahlt' rnndhl:« (' ", lllust ral [' !hi" wa:-< !Ill' 1l1l'aSlll'['1lIl'lll
1<'13:;,a windt,\' Pl'llli1l' 1nkou 1'01' tho !I'/'il FXPB. at I Ill' axial st ntiuu ,1'/ U P(),:;,
AH with t ho othor ('Xlll'rillll'llt ally 1llI'a~IU'(ld prulik«, pail's of 1'l',ulilll',H \\'(11'1' t '1\['11
It! "[tryiug l'n(lial po:;itiol1s, ~t.ll't illg at t II!' wall, all! l movinr, ill small i'il('liS toward
I It(' n-ntrollu«, III lIIP ('lIlTl'lll ('11111('xl uulv I Ill' itll'(IIl' ion I im(' and lIlt' I'Itthsl'qlll'ul
uaturo of Ill\' llow devlntiou WI'I'(' of huportnnce.

Fig1lt'1' i,li shows smoothtxl (lltla Iroiu tllii<> ~:('t of ll)('aslll'(llllPlll~ I'm' ~plpl't(l(1

nullul srurlon«, iuostlv dm,t('l'(,(\ near th!' wall, TIll' ('OI'I'I'~P()lldillg coutrolln«
"I'lodt;\' t1'll('(' is shown Illl' ('Olllllln'boll. Oulv OIH' of IIll' pail's of 1Il1'HS1Il'1'1lll'II1s
1'01' (,H('il radial stalioll is showu !tlll'!', Till' fri\('(' shllwillJ\ Ihl' most iuurked Ilow
(I!'vial lou WilS rill ,Pll ill I'Ildl ('a~p, 'I'll!' validity of IItl' rtunpnsit I' I'Pllll"il'Ut at lou
itS 1\ (h'~l'l'iJltioll of a ~iill!'1t\ ruhoreut I !'all"it lou 1l('('lll'l'l'llI'(' ill IhI' pill(' was lUi

I)(IJIJl'(' doulitlul, 111'('111\:-\('(If tho tm!'!'s lH'illl~ IItc'aS\ll'('llIl'llt~ 11'0111 IWl'(·l'!'lIl. 1'1I11S.
Ai'i will Ill' S{'('11 ill HPt'1ion i.,1.1 holow, IhI' IilllP or tll'\'ial ion WIHi l'iuhjl'd loa
:-Ialistiml vuriubllitv, however th« !/f'lIf 101 put torn or hl'hi'\'io\tl' 01 til!' \'!'lol'ily
tra('!':, \\'mi l'('!H'atahlt·, 'I'hus Ihl' dala ".i\'l's H good qllalitati\'I' Ih',;!'I'iptioll Ill' thl'
Ilow elovint.hm ill t hI' i'i~'Mt('llI,

'l'h« nat 111'1' ul' t hI' init ial huulunr t!"\'t'IOPllll'ut j,; 1I11dl'il1' ill finllt'll i,(i, d lit' t () tit!'
"ttollg s!'aling 1'!I'l'!'I Ill' Ihr 11l1'IIll !'l'O~"o,,!,!,tillltal veloritv, 'I'h« !l(llilldHI',\' Inver
t ltkl\I'llilll'. 1(11'ourlv Iillll'''' iuu] t In- lutvr t hiuuhu; IlI'ha\'iOlll rill' Ih« 1'111I'HIll'(' Ilow
iH lint nbVhll\s in t llii'i 1i,\ll1'(', all hOll,,,h t lIP ilp}ll'ondl (If }iOlll!' II! Iht' IlOlllU lal',\'
Inver I.!'iH'!'H to the' t't'lltl'l'Iiul' volotitv lor f ':!!l~; ill!1imtl'N .\ nxhu-rlou Ill' Ih!'
hUlIlUlal',\' lil~'('l' diiucnsiou 111I't hi,.. l'l'nioll, AI ahllll! I :!;'i x, I ItI' Inu't':' ueur Ihe·
hotuulurv hl'l\ill Iu doviat t' lroiu (lit' laminar stilll', 'Irur« \ 1) ,·;iu)\\'}. au iIH'l'I·a·,t'

ill wlndt,\', aiul (ill iI rouuuousurat« dt'C}"'i1>oI', Lill!'I" IitI' lulluour« ~pl'l'a!h; both



CILlPTHH 7, FINM. 'I1~S'I'IN(; ..\NJ) n..rDl l'HOCESS[X(; 110

Oil Fol' padl profilt" uhnut i, pOillb fluI'oll1Jlas~illg tlll' h0111Hlal'~' Inver \\'1'1'(,

sPit'('t t't1 - Ill!' pniuts shown iusitil' Ihi' dllll I'd 1'1'('1aug!t' ill Ih\1l1'1' i,,1 - nurl
a iow orrler II"lst S(I'MI'l'C; lit was III ,II II' I hl'ollglt t Ill'''!' dOlt it, l'his Ht wus
'\1'1'1111'11 1',0011 if il Jlas~('d l!1'('UI'Hll'h' litrolll',lt all 1111'data, Onlv it pOltioll
or t hr bnruulnrv IllYpl' waH H,ll'l'tl'll. ,\ hiuhor onlvr lit wnnkl hi\\'1' hl'l'li

lII'I'I's~ar:v to !il 11l'oJlI'I'h' 1111'«utir« honndarv lavor. Wll!'ll'a;.. oulv tlH' wall
n'I',ioll Was of import Hili',', {'~illl\ mon- 01 !hI' l.ouud.uv laver uml a hh',llI'l'
onler Iit I'I''illItPI\ ill lur l\l'!'a!Pl' vurinur« in till' dl'tl'l'lllilll'(1 wall pusit iuu.
'1'111' fit wns llspd in; all vxtrapolatiun to Iiud tlH' iut!'l'sPl'til;1l with till' radial
axil'l 1111' ittli'I'I,t'11 posit inn or I hI' Willi,

(iii) Till' above 1>1'0('1',.",; WiI;" 1'1'])('0111'111'01 hl'tWI'l'll 10 awl :m prolil.« fl'OI11 dil-
f('l'1' III tillll'~, in onh'l' to aniv« al it sliltblkilll~' valid population of wall
posirlou», Till' resu II iug }lo"itiolls \\'1'11' rnmhim«], t 11I'i1'un-nu Was rnla-u
itS (11(' wall pm;iliol1 awl till'iI' ~Iallllill'ti t\1'\'ialioll ilN au iudirntiou Ill' Ill!'
1'1'1'01" 'I'ho fal'lo)' 1>1' \\'a~; ~I't 10 this nu-au,

(iv) 'l'h« dala Ior nll th« ]ll'lIlih'" ('oulll t hon Ill' :-<hifll't1l'i1diilll\' h~' tit!' i11l11111111

sr, l'I'slIltiul\ ill dala jll'lllll'l'b' ali~',Ilt'11 hi till' 1'i\1l11!'() ',' r: 1. Tit!' dutu ill
t hi' allO\'!' Iiglll't' luu I nlt'I',\! lv IH'!'II ~hilt ('I \ h~' (hI' t1iNpla('t'IllI'ut b1'. hI'IH't'

thi' l'lliul'i,h'UI'I' or Ihv wnll position wit It r 1,

Onr« thl' wall luul hl'l'lI Ill'tl'l'lllill('II, illl ill'lilidill \'I'lodl~' valuo of ZI'l'll was
njllll'lldl',1 to nil IIII' t';.:tl'(\I'I('11 \'t'1{)dl~' 11l'lIlil1'H, ut I' 1. Till' wall vnluvs til"
1('l'lllilu'l\ by I Itt' aho\,!, 11l'(H'I'SS sh(l\\'l'cl il s1ll'pl'isilll'.i,\' siuull suuulanl tll'viatioll,
III most I'ast's Ibis vulu« was ill 111l' 1'<1111\1' [Il.mll. I),OIl:!1 • it i '1'1'1'1'111'W' \adat lou
(If hl'lwl'l'lI 0,1 mul (I,a'l, 'I'll!' oulvr of IIII' iiI lIst'ti WilS ill all !'as!'S qnndrutk-.
'1'11(' ~IH'nlll'll '('I'IIII'l'iilIP' Iml'l' wus 0111,\' nPPI'{)xitlla(l'b' alil\lll'd wit h t hI' pipl'
('(Iutrt'ihll' (IW('i\\l1'1' it WilH illllll1~sihlt, ttl .iuI\'\ll "/1 nuis» Wll1'l'I' I Itt' wall wns 111111
ItI'Ilt'(' Ihi' ('1'111l'I'IiW' p(l~it ion), Bl'l'iUISI' I hI' l'II1'1' Iluw Wit:; ill Hlll'asl'~ uniform, 110
11l~:; ill 1I!'('lIl'ill'~' \\'a~ (';\11:,1'<1 h,\' Ihi;; 1ran' hdlll\ ill I ilidi\Il~' 1110\'('1 I t(l 1111' po:-il iou

r ~::0, 'J itl' rrsult of I hi;. (,lIlin' (H'ot'I';'", was II wi of \'('loril,\' I l'iH·I'~' nonunllsed
iu I,ll!' 1'<111111'[0,11, uiul with daln poillth ut ('adl 1'1111Ill' this 1'1l1I,',I',

7.4 Timing measurements

Till' 1i('I'OUlI IVJlI' or 1III'Il;;UI'I'llll'l1! rukcu was Ihl' lilllill!'. 1lIl'i[:<1I1'1'1111'ht, \VIH'I'('mi
t he \'I'ludl~' 1'1'0 Iih' l1I('il'illl'l'llll'lll~i aho\'1' 1'11I'1l1lIJla~~l'd thr 1'111il'l' radial llnw till"
muin, it WilS dl'ddl'll 10 liIII it lil11i1W, 1111',I;,11l1'1lI1'1l1;; 10 it :,il1!',11' poillt ill tltl' pipl'
lunuul.u'v lavor at ('arh uxin! :,tillioll, ;1I1111'athl'l' III l'I'IlI'i'i IIH' 1'1111iunuv lillll'S
while lUl'm;miltl', tlH' \'I'1{)ril~' vartntiou al Ihi", point. 1~I'Jll'tilillll al un hl«'lllkal
puiut ill IIII' pip!' \\'il~ dl'ddl'l\ upuu ill unh-r III 1\.llhl'l' "lllth,lit-al lnlonuutiou
.lilllll! : Ill' i1H'l'ptioll of Ihi' transit ion PI'IH'!'~S, '1'111' ['I "lilt, I1l1'il:'lIll'lIl1'lIt~ dl"
Sl'l'ilH'd ill 1111'('ilrlit'l' "'l'Iitlll:-> \\'1'1'1' I'XPI'II:-i\1' ill 1!'1'1ll' I t iuu- illIll dala Stllta!'.l:
lor tit:" roason uluue lt wm, d!'ddl'd III liuii: t hvit 1111111111 ' III nhout Iltn'!' III liv«



('II,lPTIm;, FIN.U, TBS'I'INU .LVI) n. \,1:-1 JlHO(,I';,<;SI.W; IO!!

i' c:; (J hl'illil 11u' ('('ut!'!' of till' pip«, aud r 1 lilt' wall. Iiuportnutlv, tlli" ('(111n·
lion allows (1i1'('('! ('Oll\'PI'l'iioll of Ih<' Ill//I'h l'(Hll'cliuatp f;~'~tl'llI 10 III<' onlinatv 1':
it t Ill' radius U is l-H'I f 0 H 17,;0 11l11l. I lu-n /I vau IH' t akou !Iin'el I~' i1~ t hI'
hl'lIl'h ('0' ordinuto,

7.3.3 Detormiuatlon of tho wall position

'I'h« uonualisut iou ('IIlTit'(1 out aho\'!' did not 1lI'('I':;~al'i1.v ~'i('1<1 Ihe ('01'1'1'('1nullnl
onlinute I' rot' Ill(' datu, Thls was bt'I''l1l:w Ih<' wall llo!<itio\l had ,\'pt 10 hI'
ill'I'lu'ald,v tl('tl')'lllhll'II~, Till' al'll1illlllll'lllillhiilll\ <'l(lIatiull WilHthus all t'xll'll~ioll
of (7,:;). uuun-lv

l' (i,!i)

wit 111-,' I h« wall om,!'1 I tIll(' dl'l «nuiuvd. 1)('1 ('l'millal lou of I hls of!':,!,! i:. 11!'"nilH'd
lu poillt lonu holuw, mul i~li1hlsll'afl't1 ill lil',1Il'1' 7,1:

0.8
!lIU

1.2

0.(0

0,2

I) o (1,2 0.4 0,(, (l,R

I'

Fig1ll'(' 7..1: TIll' 1I1l'lhud of' dl'll'l'IUiualhlllof Ihl' wall pO~iili(l1l I'I'Oill a pnl'!it-tllal'
oxporimoutul \'I'lodl~'lll()lil<,: II, I'X1H'1'l1ll!'lIlal ,Ialil: ., . npproxiiuat« volot-itv
profil('; , low-urdei; lunnulurv laY!'I' ('111'\'1' ht, t. }lo,;jl ion nl' t IH' wall, TIll' <IntI I'd
n'('Ii\lIl~11' rUHlaillK tit!' poiu"" ,,1'!1'1'I!'d lor t11(\ huunrlnrv lil~'!'l' lit.

til '1'11('nulial ru-uuliuat« of till' dala \\'iH, 1l0IHIiIl\(lll';i(lllali~l'd HtI'tlllJilll\ to
I'(plalitlll I i.Ii); I!t('I'I'alt"l' prolil!'), \\'1'1'1' {'.;II'iWIt·1} ilt \'"l'iOIl" t itlll'li. 'I'hi«
datil Will' 111(111 nctunllv U\'I'I' IIII' l'iIll1',1' t~I" " •• I ,'I,..

/.houltl hI' !'t'Blt'lUlu'It'11 that tht· ;'1'111{,lIlial ',101111111'III Wil'. -unplv "t'l 1.\' l"dtIl1IulIl\ 'Iu'
IlU'II"hrillll vnlumo II\' t'Vt' I.tlllll'wlll'rt' ill tltt' lllllt' "'0111
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Fil;\U'(' i,:l: A {lttl'l' t1itHI'Il:;illllall'('IH'I'~(,l1lali()1l of a 1"1'1of velorlty-tim« Il'ill'('~l,

showhu; u pnrtk-ulur \'l'lodt~· pro iii!',

'rill' ~;nl1lplillt~ of t!l(' raw data al l'l'glllill' iult'l'\'nls was hnportunt in Ihat it ill·
10\\'('11t ln- i1ssl'lllhly of all t hI' datu Ior II. pill'l kulal' stutkm into It IItn'l'-llillll'llsioual
lallkl', uml 1111'11qukk extrnrtlnn (If tlnu data b~'Hilllpb' lakilill a :.li('l' Iroiu lInt
lllllh-l'. III IIll' raw datu Ihl' hullvhluul }Ioints dkl uot nli!',11 10 unv Jllll'tit'1I1al'
Ihi!!', ill I hat ('nsl' I'XII'HC'1ion of II Pl'()liIt' would havo I'l'qllil'!·t1 IIHlI'l' t'xll'llhiw
Pl'IH'l'l<Ising. F111'1hl'l' In Ihii"l. I III' unlrr of UlHl\lIil lilli' 1111"',('1quunt ltv of mw dn! it

would not Ita\'(' 11110\\'(,(1l'OII:-<hlt'l'aliull of all tlu: lra('I'i'i luuu n partit'll!ill' stntion
ill pnrullol, which waH 1l!'I'I'~;;ill',\'ful' t hI' 1'~ll'al'l ion (If II plUlil!"

7.3.2 Normalisation of the radial ordinate

T'l(' uuits of lIu'a,,\Il'!'III1'1l1 ol' till' volovitv prulil« ill tlu- nulinl tiil'('('lioll WI'I'I'
lllilJillll'ln's ill Iht' mill',!' II IIIIll to ~,I.l uuu, with /'l'l'O at till' urur pip« wall.
'I'hlx :-;Yhll'llI (lfax!'li \\'i\~ ~l)('dli(' In t hI' 1'1H'1'!'1l1st ntl~'. A mor« !'.l'l1(ll'k moans of
!\iviul\ t ho nulial ro-ordiunt I' would lit' l'l'lal lvo Iu t ht· pip!' l'I'IIII'I'liul' il'i n I'iI I iu
01'tilt' pipl' l'iulills, That is. h,\' 11'11I'P;<Plllill,',tlH' rnrliul po~ili()ll liS

I' 1? ,II (i.:"l)I' It n

!11'1'1' U h. thl' llip!' I'illlin;" I' i~ thl' rmlinl pw,ilioll iUi 1U1'i\;;1ll1'(1 from rlu- pip!'
('1'1111'1', illlll,ll i~ I hI' pw,il i011 "" IlIl'i\~I\I'l'tl Irom IhI' Ill'ill' wall or I hI' pipp, Jo:qllil"
tiun (i':iJ yil'ld~ it dillll'llsi(lllh'~s tll'dillall' /' whk-h \':trip" ill IhI' rail!',!' (l. 1" 1.
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profile wo.ild \'I'!i(,' 11)(, ussmuptlou of ,'!llIlIlIdl,11 iunuro ill onlv llH'a~lIl'illl'. flow
ill half '1H' pip(' - it db('lls~i()ll Oil s~'IllIIlPlIS is ('olltailll'd in ";('('Iioll 7,:;,1. Till'
followiuc 1\'0 s('('liou" eurh rontuiu a "b('n;;~,i()11 ronu-rui.u; I hI' two t\'l)(''' ,)1'
1II1'I1,,1I1'('I'I('l1ls: jlmHll' nu.l till1illJ~' Spl'('ili(' pnH'l'ssillg ilwl illtf'1'}ll'!'tatioll i..;SIU'S
1'('latilll\ III p,,('h IYllI' or mousuronu-nt an' dh;('l1SS(,t1 111('1'(',

7.3 Velocity profiles

III ()1'c11'l' to !lII'aS'II'(' volocitv prolilos .It a partk-ulnr axial stution 111 till' How,
t III' las!'!' 1l1I'aSIIl'iul\ volume was po,.;itlOlIt'd al t hI' nrnr wall il('('ol'!lilli\ to t lu:
Ill'()('l'dlll'(' out lined ilhow, aml t hI' 1l1I'HSlU'iu!" volume was 1110\'('ti tow.mls I hI'
('('1111'(' or til!' pipp ill sllllid('lItl~· slllalll"lt'lls I () rosolv« till' llow vuri.uion. 'I'hr
illitial sll'p.si;,o'(, !'}lllS,'U was I hI' sal III' i1!i nhov«, W1l11dy 0..1111111, uud t HI' I.])V wns
1l1()\'('(1 inwards I hrounh tho lnnuulurv iil~'('l' ill t hl'~1' smull inrreun-nt«, AI ('ai'll
nullal poxitinn t lu- I'IIU \\'n:; l'I'III'iltl'ti Iwkl' to vorilv \'l'pt'.llaJ,ilil~', OIN'l'vatiol1
was mnd« Ill' IhI' l'(':omlt :UI', veluclt v-t hue I l'1\('C'~by plot I illf'. Ihviu hi ('OlUIH)sil I' Oil
t Itt' 1'(111»1111'1', Whou t hI' difl('ll'IH'C' 11I'1\\'t'('1I t ra('('s at !tifl'l'l'l'ul l'ilt!ial til ill ions
stal't('tl 10 .llmlutsh, Iht' sl('p ..~;i/l'wn« itlt'l't',t:il'(ll',l'llllllall~'. fjl'~t to !l,G unu, thou
n,li 111111 uml so on, 11111it h)' IItt' t luio IhI' llH'as1ll'in)', \'01111111'was approal'ililll\ till'
('1'1111'(' of lIlt' pip!', IhI' itH'\'{'lllt'III:, \\'I'1't' ilPPI'Oxitllall'ly :! HIl11, It \\'ilo.: pos:-oibh' to
(\0 this boruuso all tin' voloritv pl'Ofilt,~ I hal \\'1'1'1' 1I1I'a;.1I1'l'ti ('ollsist!'(t of a Ihill
h()t1IHlal'~' 1a.\'('1' t'rllllhit1!'d \\HIt a 1'1ll'1' Ilow. 'l'lu: pitilosollh.v 01' itu'\'t'asiug t hI'
sll'p.sizl' 1'('s1l11('ti ill il i'ar n101'(' t't'OllOlIlit'al ('aptlll'l' of datu, II' til(' siuull stl'P'
sizl' wa:; IIS(,(t unifonuly, 111('11 uliuut liO 1lII'aSI\1'!'UH'11!S would huv« bl'l'll roqulnxl
111'I'rndlu», wlH'l't'n~ I Ill' ('111'1'('111S('1I1'1111'onlv requin«] about :!G·ao dilloront radial
~tl\tiollS 0\'('1' i'llI' ~at1l1' nullus, This 1'1'1l1'!'st'IlII'II il two-fold tii\\'iu1\ in hut h Ihuo
mul (Iat a sllll'al\l' 1'11<\('1',

7.3.1 Data Pl'C-Pl'OC(,HSillg

Variou« II'\'PI~ of tlMa Pl'Ot'C'ssilll\ \\'('1'(' rcqutr«l thI'IlIII\ho1\t tl1l' Ht'lllty: initial
PI'()('PHsiug HllI'lt ill' t It" ~I1Hl()thillJ.', PI'Ot't's~ !\l's('l'ilH'!\ I'<ll'lil't' (Sl't' :;('('t ion (i,a, J )
WHH til' IIU altU()H! alii ouuu it' Hat 111'1'. awl Will' ('()1U'l'l'l1t'd uuunlv wit 11 I'('!\ul'ing
Hllb~1 .uit iullv t hI' \'ast quaur it it,~of l'ilW <I.. I it i\('qllit'(,t! 11111I l't'1I10\'illg bOI It I hI'
,'('IodI v Ilia,. uurl I\l'iIdit'llt hl'oalic'uitll',. In I hI' ('111'1'1'111 runtoxt I llis )lI'()('(,HSil1l~
abo HI'I'\'('(t uuot hvr illllHll'loIut Iuurt iun, numolv to Halllpll' IhI' data ill 1'1'1',ulal'
lillU' lurorval-. TIll' hupnrhuu:« (If ~'illll)!lill!', tltl' rlurn ill a 1l'1\lIlill' thn« lun-rval
was import unt for ,Ill' follo\\'il1!\ I'l'il~()I1: Ilu' d.ll H urquinxl at POII'llradinl st al lou
{'or il prolil« \\'1'1'1' \'('1()dt~'.lillH· data, ('ilch or t hl'~1' 11'a('t'" t'(ll'1'I'S)HlIltlilll\ to it

1lIll't it'IIIIll' rudial 1)()~i!lou. 'l'hus in it I im« • rndiul po~il ion • volor-l t~· I'PiI('l',
thl' Iull til'l of datu \\'lllll(1 hI' I'1'1l1'1'SI'Hlp(1 ili'i ilgnllip ()r\'l'todl~'"tillll' (tiltH, pa!']1
data jlosili()l1pd al ;1 l':u,tit'Hliil i,Illills, \',,1111 il~' ,HOI/ilr'.'; would 1", r"pl'I'-;('lIll't! ill

this Iruuu-work a', slit'PS of ('()Il:,tallt thu«, Fil',tll'1' 7.:1 shows ~dH'llliltkilll,\' data
1l')lI'p:i('111 I'd ill Ihis maunor,
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Fi!~lll'p i ,2: 'J'll(' hl'HIll e1i,,101'1ion (H'('lInillg I hrouuh til!' various iUII'I'I"II'(':; ill til!'
pip(': ,,', ('['pl',ail' haU~nu!\h·; u', avrual ltalf·alll\lp; h, houm (li~pla('P11!l'ut (hit' 10
wntor-gluss-wutor 11It(,l'fll('I',

More snbtly. (II!' dHI1l!\1' ill half lIugh' lllli\('(l'd tIlt' ratv (11' mot iUII of tIll' l1lllaslll'illf~
vohuno wit hill 111<'Ilukl 1'I'lal ive 10 IhI' bench motion: if till' LDV ht'ad was
moved ('xt.(,l'unlly hy all muount t..r l'il(liall~" t IU'I1t ho movoiueut of I II(' llH'nSlll'iup;
volumo within tho pill(' wOI\I(\IH' It (liIft'l'l'lll muouut t..r' 1U'('Ol'(1iug to

(7.a)

?lIOWl1l('1l1 01 IItt' 1:11'1\1'lusor ('Olllppllsat 1'( I for t Iii" 1'11'('('( via IIII' rnntrul softwill'l'i

t ho siuull houd had 110 ,,111'11 rumponsnt ion lll'l'alls(' it s IHlsil ion was moasur« I
11l1l1lnall,v, 'I'h« eulrulntlou of till' (lbtOl'lioll Aay(' It valuo fm' Ih(' movomout rutin
t..l'/AI" of

t..r
'5.~'~;O,iaml,

Tlms Ior a ('('I'I uiu 11l0\'PIlIl'Ut of till' Ll )\' hl'atl I ho 11ll'aHtrillg voluiu« illsidl'
tho pillll IIIO\'('I! b~' 1\ 1\1'(',\(1'1' nmount ill Ih!' ril" I) /O,i:lWl, Tilt, urtuul uutnlnnl
radius or I Ill' pip(1 was :!.t.l nun: opt kal distol't ion rosultvd ill Ill(I lasl'l' hl',\l1 oulv
lIiWill~\ to 11111\'1'Ihrouf\h l·,.,ili nun to t1'<I\'I'I':'1' this rlistuur«, Tilt' uhovo rllstortlou
nulo (i,·l) W'IS nrrivi«] .u uslnn f',{'llllll'll'it'al ('ll1lsh!l'I'alioIlH, AI" 1l11'1I1ill11PI1. ill

SOl1lI' \'I'!ol'ity pl'lllill's till' Il'st wn-. ('(lIldl1('I('" Iroru wall to wall, ill Ol'd(ll' 10

\'(I1'uy tid", By 1\('(lnil'il1!', all I'lllil'l' \'l'I(1dl~' prulil«, various ('01111)(1111'1111' of IhI'
oxperhuoutnrlou could Ill' vorilitxl. Firsl b' t hI' prolill' wnukl l\h'p IhI' ]I' 11II I'nl
(liallll'l('!' of I Ill' pip!'. I hilS di1't'I'! Iy 1',h'iuI\ III(' di~1 01'1ion rat ill, SI'('ollllly such it
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intorsectlou point. at all. silu'" it wa:-i (Idiupd lllC'l'pb' as I lit' mutual intorsoction
of it pail' oflusor hPHlIlS, It wu. '\'1'\'1'1' Inirly pas~' to hll'llti(\' tIl!' ('rossiug point
hy wearing lusor l~ogr~II''''' Thr-«: glassl's Hltpl't'(1 out plItil'l'h' Ihl' fl'l'lllH'Ill'iI'H 0['
t lIP ilwhll'llt lwallls. thus lila killg t 111'111illyisihl!', Slhdll phosplwl'l's"l'lll'P or t hI'
glu:-is ri('ldl'tl tlu- 1a~1'1' hoams visible al 1II('il' intl'l'sl'('tiou with l lu- wall of tIll'
pipl', This aUll\\'l't! Ilu' rroxs-ovor poin! to II(' positiouorl unvwhor« IIII/hin Iltl'
wall silUpl~' Itsillg visunl nligmuent. I t was Ilu-u c1l'('idpd 10 nvnirl "t t oinpt iu!~ I()
nligll t ho systl'lll in all uhsolut« Sl'llSI': rutlu-r tho hi-wall posit iou a~ ;;1'1 nhnv«
was tll'siguat od t hI' ol'iI\ill a IIII all Ull'aSlU'l'lI11'1l1s wvro Inkou ;H'('ol'diui', lot Ids
datum.

Till' lits! tnonsuring stut iou wlthin tho llow was Iouurl lrv 1'1I1l11illl\t h« Il'st while
Il'awl'sing IhI' rout rol vohuno ill "mall sll'ps Iownrds IhI' llow. 'I'll!' illl'l'l'll\l'lIt
Il:W(! wn« (l.Luun. npproximntolv half tIl!' louuth of !Ill' Illl'clH1Il'illg volume ltsoll,
'1'11(1 first stution WIIS taken ai'! that point at which COhpl'l'nt llil'.lIals wPtc' fi1'HI
nht aiu« P. Till' I'XiII'1 jlo)oOi1ion of 1Ill' wall wus found HlIIIsPqlH'lI1 I~' h,\' ('.)(1rapo-
luting IIII' data during In'o('(',,,,illl~' This is <ll'"nihl'(1 ill S('('tioll i,:I.

Tho flU' wall nnd optical dlstortlou

A Iurt hp1' romplirat ion iutrudun-d waH optic-al <li,,101'1 ion ruused h~' 1hI' vari-
ott:; eoiupuueuts of 1Ill' pipI' po"SP~'Sillf.!,dillorout illdie-I'H of rotractiou. TIl!' lasl'l'
jH'illlll'l had to jlill'S Irmu nil', tll1'OlIl;1I tltl' ()\1I('!' plaunr p,las:-i wall, into till' water
jal'lwt., 111('11 through IIH' glas:-i pip!', mul filt.\ll~· luu-k into til!' wator withln tho
llipp, 'flip iH'illllS woro Il'nwlliut.\ ill Iho horizout ul pluu«, t hits 1hI' curvarur«
of tIll' pipl' wns of UO ('OIlSI'(l\ll'jU'(', '1'1((, l'I'ossillf.!, IlUt~h' Ill' I Ill' two IH'HlllS was
chHllf.!,<'(1h~' 1h('st' sl'l'il's of 11III'I's('('Iioux: l'lIi'!'t ivolv oulv till' nlr-nluss-wn: PI' itt-
t('l'('tU'(' ('lllltt'ihll«'(I!o 1111' ltllglp dIIlU!',(' hl'('IlI1St' the other illll'rfac'l' (11),\' rosultod
ill It Il'IIttslatioll of tho l)(lillllS, FigtU't' 7.2 ilhtsll'ilh's !11(' \lPlIlIl rlisl.orflon throngh
t hpSl' sN'ips 0[' illll'l'llu'Pl'I,

TIll' 1'I'Sltlt nut di~1ortiou of Iht' !H'llIll:; ruuh] IH' illl l')'pl'(ll I'd IH'!'I as i\ dlilJtf\t'
ill their hall~Hltl\ll'i'i, This Itlt!\}t' ('hang!' 11[[,,,('1pd Ih" rulilnut ion of Ilu- LI)\'
I\('l'()l'(lilll~ 1'0 I'hl' n-latinn lH'I\\'('('1I \·plodl~' HIl(1 f)'('qnpu('~'

wher« ,\ is I Ill' \\'i\VI'h'llf',1 II or 111" light. f i", t h" l'l'l·{[tH'll('\' o[ I hI' sigllnl l'('('pjwd
Irum 11)('L])\' phutn-nmlt iplk'r awl Ii' is lit" urt unl lu-mn hnlr'i\ltldl', TIlt'
H('qttiHition sll['lwHl'l' (,OIT('('(lv ('alrnlill I,d! lu- art nul hair alll',it' ilwl 1ho cuuvorsion
(',,2) haSl'{llIlll',Polllt'ttical rlll'llH'~ routuhu«] ill a xtart"\l\1 lil«,

\\'Hh the' IIH'i!Snrill!\ vohuno ill tIll' wull, tl\(' tlala lolll' \\',1', 11'1'11, 'l'lu- rl.uu rut« icltTl'ol·.t'tl
quin- ahnt[ltl\' at rill' point wlu-u: 1Il0,.t IIf fh" 1I\('a,nriu!', volunu wa- within Ih,' 11011',
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Vertical alignment

This nllgumont meant l'lJSlll'illg thaI t lIP plan« of I hI' two laser brtuns was ('0-

iucidcnt wit II it plune Ihrongh Ihl' rent reline of t hI' pip!', in of 11<'1'words, this
allgmuent allowed LD\, trnvorsnl 10 ()(,(,1I1'aloHg a major diallll'tpl' of thp pipl',
To shuplifv mat! I'l'H flirt her, this plano was sot a~ horizon: nl, This allowed the'
LD\' to IH' Sl't initially 1lsing u spiri! level. 011(,1' tIl(' LJ)Y was horizontnl, thl'
ontlro lu-nd was ,uljllsll'd vorticallv (lISillj.\ udjustuhl« fpl'l) until ils plm.o was
rnlucidont with t.lH' coutro-plano of I,h(' pip!', This was Il<'hi!'v('fl wry simply and
highlv a('('lIl'all')~' as follows: tho LDV was Il'ft Oil <1llrillg " -justmout, uiul Ihl'
rl'iiP(,t!'d lH'lllllS Irom t 11(' far pip!' wall W('1'('oils!'l'\'!'(l. ,,'Il('ll t hI' l'!'ilp(,t!'(llH'alllS
IH'('aUH' ro-plnuur to tlu: iUI'i<ll'llt ones, t hov wor« known 10 hp illtl'r:-il'(,ting thnt
wall porpondlculurlv: t hus by h&rPIH'p II,., plan!' of I1H' Ill'allls wn« Oil it major
diauiotor of tit!' pipp, Figlll'(' 7,1 lllustrutos thiH priuclplo.

water

'11
II
box

air

pip~\\

glass

Figtll'p (,I: '1'11(\prluclpl« \\'It('l'l'hy Ih(' LJ)\' l!lI'H~IIl'illl\ voliuu« was pln('l'd Oil it
major dhuuotor: (It), lllis-nllp,IH'(I. l)(lillllfl l'('l1l·(,thtp; down: (Ill, wl'tkall,V IlligllPd,

III Ill'a!' Ii('I', IH'rli·(,t \'(Irt leal ali,\llllll'nt n-sult I'd ill 1'1'111'1'1I'd lir\hl 1'111Pl'illg IhI'
photo-multiplier npvrtur«, 111l1~ l'pi'\111Iilll~ ill a low l'ih'.1l1l1·I(Hmi~!' rutlo. 'l'hr
optlnuun solution was 10 ltli:-;.align till' H~'i'ilpllI b~' ;1 titl~' mununt a IhHllllly 110
iuoro t hall 0,1 llllll • olhuinnt illg till' tlh'p!,! lut (ll'~(·(,tion or 111(' )'('111'('1I'd Ih\hl
wlillo still l't'lllailliug Oil IItI' mujur cliauu-tvr 10 it high 1<'\'1'1 of upproximution,

Alignment with the wall

\\'111'1'1'11:' I lu- WI'I kill aliglllll('UI (1('~'('I'illl'd ahnv« wns !'I·lal ivelv I'no.;~'til urhh-v«,
lixilll\ IhI' pusit ion of I Ill' llH'aSIU'illl\ vohuu« n-lut iv!' to IhI' pipl' lmrizout ullv \\'ill'

rill' iuoro tlillinllt. First 1,'\ t hI' dhnousluu 01' t hI' llH'aSIIl'htl'. volume in IhI' radial
dlnx-tiuu was lal'l\l' (~O,7 uuu). illtl'o(llldn!\ I1n('l'l'tililllil'~1 II~ tn whnt ...h 011h I Ill'
aligll('t1 to tlu- wall. SI'('oulll.\', vven if ,\ point or nliglllll!'llt wit h till' llH'<lSlll'llll',

voh IIIII, ('ollhl h(· i\S(,I'I"uiued, Ihl'I'I' was I Ill' rluunt ill", t ,1:,1\ or llo"it ioltilll\ IIH' sllwll
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Tabl« i.:3: Th« values of tlip panunetors Ufll, ,.. to gPIlPralp tllp iiowrat« varia-
tiona for the' s(')llu'all' I(·~ts.
1'ps( Hen /..(S ) 'I~;t Uc-; 'k(7I) ~
EE . aOl~ [L03 F]) ·11-1:3 (J.(J:!

GA WilO I n.nil
GB (iillO O.Oi
GC (jil1n I o.u:
«n 1 (jfilO o.n:l.J..!.!:~_. ~!~~(!L

EF sms O.Oil
EG :~1l1i::\ O.Oi
FA ·1H:3 0,01
1"B ·11-13 o.ns
Fe' ·111:1 n.nr

""",, ..,,-~......" _._ .._.,

This tuble 11l'PS(lllls llip pXpp(·tpd tlowrut« variation ill tim!' fur the twelve (p"ts.
S('('tioll i.il.,llatpl' ill tlu' ('hap!('!' <Ij:-;('llSS('S til!' 111'1ual Ilowrnto variation adl<,jVl'd

ill t IH' s,Vslp11l.

7.2 Alignment and optical considerations

All v<'!odty lllpi\H1U'P:1H'Uts ill the' pipl' ;.;y,,1('11l \\'('1'1' conducted lli'iillg th!' L1)V
(\('sl'l'il)('c\ ill dHtpt(·I':l. This rlovko WHtoI mounted on a1\ :\ntolllHtpI\ trav('l'Hing
luxl, 1'0 that tl1(' LDV 1lll'Hslll'illll. volume ('OllieI 1)(1posltiou«! hy tho nrquisition
compu tor unywher« nlotn; til!' II'II!!.t It of t hI' plp«, awl !\1l~'W liN'p wit hill its cross-
socriou. 'I'll!' urcvomout of (hI' hvurh was h!l\V('v\'l' l'l'~trkt!'l\ to axial ~tf\ti()llS

Al'l'at!'l' than uhout litl'pl' 1I1('11'('s downstream of I hI' inlet plano, III o\'(IN' to
ovorrom« t!lis Ihuitutlou, It 1'1'!lI\l'al (. - IHll'tahlp - LDV lWIlI\ WlIHHH('C\, ('OI1U!'('It'd
to the' malu LDV hy a Ilhro-op I iI' liuk, This H1IHlll unit could 1)(' tl'.wl'l's(·d ill

thp radial dlroetlou mauunllv, uurl il:-<displucomout 1IH'ilH1Il'(lcIlIsing au nttaclwcl
dial gaIlAc'.

Uulortuuatelv, tho untur« of the lIow I\kfalc·d thntmnst of Ihp LDV 11lI'ltS1t1'(,-
llH'lltS \\'('1'(' 10 lw nuulo lWilr Ih\' inlet plau«, c1uc' to Ih(' IrHll:-<ition ol'iglllal iug ill
tho houudurv liwor (h\·1'!'. As mosl or \\1(' dutu \\',IS [\I'quit'\,cl (hl'(\\l~'lh tltl' smull
LDV heud, t h!' l'PIHlsitiolliug of I II(' 1l1l'lIslll'illg volume dlll'iul'. UUlI'l'O control WiIS

iuauuul. It I' axial posil jolt WIIS \'ltl'i!'d h~' lllO\'ill!\ t III' ('lit il'l' ussomhly aloll1\ It
bouvh pla('pdl!!':,1 to tIll' pilH'. To varv Ill!' nullul stnt lou, it iuk-rouu-tor dial Ill!
t1H' suiall ntnuutiur; IH'IH'h roukl hI' I nnnxl: 1'(·laliw radial position \\'tlS 1l1l'i1Slll'l'd
ushu, it dinl galll',p uiouuter] uu I lip small lu-ad.

Fill' hoth UI!'i1H1ll'Plll('Ut t~'Jl{'s. the aliglllll('llt of till' I.n\' ruutrul voluiuo n-lut ivo
10 (1)(1 pip(' s~'stl'llI wus of major lmportnuc«, W!H'rl'lIS Ihfl LDV lllfl1\:-im'illg
volume cuuld Ill' Il\(lwd hil·.lIb' at'('\U'atl'l~' n-lut lv« I (l itS 1'\U'I'I'UI po;;il iou, lilt'
ubsolut« po~itiollillr\ or t his puint was s1\hjl'('1 10 sOllU' IllH'I'l'lailll,v. Thu» it
\\'tlS importnn! 10 .dil\1l thl' !.ll\' to I Ill' pipl' at so1ll1' 1'1'[('1'('11('(' Iloilll; Ihl'l'flal'!!'l'
ill't'm'at (. nioveiuont could 1)(·uehiovrrl.
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Tabl« 7,2: J)p:'('ripliou of till' Iil« st.llixcs uxor] ill dutu SIOl'af.!,(l,

R, ~~[f+~~~:::'I~~tj~iiLla fn)lll' t~~;'~\-:~:;;;;;·;il~~'='~
,HA; I Vdodly. (jill!' clata Irum 1ht' LI)V - chanuol two
.Cllf) Vo!IN!'!' • timo data from t ht' Ilowmot PI'

(t his was assigul'c1 to t 11p ilHaioAlH' rhauuol Zt'1'O )
,('II,!' Voit:l!;(, - thn« (i"ta for uuy other unnloguo

arquisitinn rhuunol
.IN 1 Informut ion ('OlW(,l'lIill~\ tho ,H A 1 iiiI'

(B('Il111 nnglo, Ii!~ht wnvolougt li, ('01l1l1t'1' modo, (I!',)
.IN2 A~ ahm'(" hut 1()1' ,HA2

W('1'1' ('oufiAlIl'l,t}l'lIrh 1hat rlianuol 1 l't'(,l'iw(lliata Iroui till' lal'gl', downstroam
LDV, and «huuuol 2 ncqulr«l its dntu I.om IIH' :'Hllilll LDV P()SitiOlIPII near I!I('
Inlet, III ;;0l1l1' ('sts, datu was galhN'I'(1 1'1'0111 huth cluuuiol« siumltuuonuslv, III
thl'SI' ('asps till' sallll' tl'st IliUlI('S r .fl'l'r('d to cii,{/;':'!'111 axial alld rndial stut ions,
unrl lliff<'l'PIl! intion iJl'twl'PII 1lu- 1wo da! it was iuudo al'l'lll'tiing 10 I hI' Jill' sullix.

Expectod Ilowrnto varlatiou

gach test .HI.Ul' 1;1\,1'11 ill tahlo 7.1 l'('(i'I'l'l'd 1011 llill'!'l'l'lll Ilowrate varintlon with
time. Tho oi>j(I('liw of tit!' s"'lly was 10 obsorvo tho hehnvlour of oxpourutinlly
ltl'(·pll'l'at.iIlA plpo ontran«, Ilow« Hllll 10 nrhlov« this, It l'il1ll\l' (If ('XIHllH'lltinlly
iurreusing ilowratos was I'hos('II.

TIlt' oxperimoutul Ipst rh\ lks('I'i1H'(1 in chaptor ,1was !'aJlahl!' of gl'll(lratill~\ Ilows
wlth nowratos vHrying !,\I'I11'l'ltlly ill Hull', OWL' it lal'gl' H(lyuolcls muuhor mng<'
(IlJlIH'OxilIHttdy a noo :if Rr' :!. KtJuno), Thu« within tllp [nhoront IiIllHatiolls
of t h« rig, it was pm;Hih)p to 1\1'1I1'I'al(' It hrmul rang!' 01 dilfl'1'l'1I1 (IXPOlll'lll inllv
itl<'r(,IlHillr~ Ilows, Tho (lutil'l' I'll \Illy ('('111.1'('11 around till' (1<-1onulnatlou of f h« V('-
lot-ltv variutinn within It 1'I'Pl'!'sl'lltatiw s('I('('ljoll of SHell Ilows, SJll'dfi('all~., ill
all ('!lS!'S th(' Ilow was [{tarll'lt 1'1'0111rost impulsively 10 nu lultinl Hl'YlIolds 11\\111"
t )('1'; !horonft ('1' \ he' now \\'il~ Hl'('pll'l'll I I'e[ I'XI imn-nt ially ill n Pl'I'l'i('l'ib('11 111111111(')',

Hili it 111<'maxinuuu possihh' Ilowrun- was 1'!'al'ih'(1. 'I'hus all IhI' 110\\'1'1WI'I'(, of
t Jll' f\l'lll'l'ill 1~'iH'

{
0, t :. o
Hrul'xp(ldl. t ".. f) ,

(7.1 )

whore Rs: Rr'(/) h, 11ll' Ill'!'S('I'i111'cl HI'~'Il(llds llIIlU1H'1' \,i!i'inlillll with tiuio, mill
HI'u is til<' initial illlpnl"iwly iuilia!('11 H!'\'lllllds nutulx-r ill Ihl' pip!', 'l'lu: IIVI'I\'I'

HI'j)nrnll' It,,;!;; \\'1'1'(' 1"WIt (,()IHIl!!'I!" with II di ...lhll'l pair of lml'illlll'lpl'l'I (Urn,/").
TIH' vnluvs or tho ('tlllstallts lor th!'l'l' tl'sh il!'!' lisl!'t\ ill tuhlo 7.a In-low ,



A!.,o i1ulil'llli (I is Ih!' lin h orrlor polvnuminl l!'il~t"!'lJltal'(';' ('111'\'(' iii I I'd 10 I lib
datu. tukou "~itill' rulibnuion rurve 101' Iho Ilownn-tor.

1.1

I"" 'j"

1.1!i

rJ."v 1.05
Ult::~

0,"$

0,9

0,85 o 0,:\ 0,4 0,6 O.N J.~ 1.4

Fjl',1\l'p 7,1!i: 'I'he I'Itlilllal iun , 111\'1' lor 1111' lI'I\\'lIh'l ('I': o, (');I"'I'IlIII'111 al dal it:
Iitt I'd 1'1In'p,

The 1110:,1 I'lrikilit', <l!'P('('1of Iig11l(' i.t!i b IIII' I il~ltl ('01'1'1'1011ion lu-tweon tlnla from
(l1([('!'('lll II'~<~.TIt(, !'it'd!'" 11'}lI't'IWl1ll'tllluwl'Iltl" nl1l1'!'iIrotu all twolv« I(':<t~;, with
allonl an III ,III ]loiUh' (11'1'tl'~;t. 'l'lu- :<1'11111'1'show» it ...tuudunl doviutiun abonl
1111'iilt,',llitw of oulv :.!',i (Ihl' It'ft-hand ...j(lt, or 'hI' ruliluut inn I'll:'" • thl' low
rlow 1'11(1· hat! a ...Iautlal'll,lt'\'inlillll or (1111,\'1',;). Tlu- nuulv ...i~ of IIII' 1I0\\'1ll<'II'I'
;:mt I ('1' iu nppl'lI(lix .\,:.! ...h()\wt! it:; \'al'iilhilit~' 10 Ill' }lI'Opol'llouul III il;i l'i\III\I'.

Sill('" tho lluwrnt« vnrlubllltv wn« not (l!'tl'l'luhH'tl lrou: hullvhlunl poiius: I'alll(l\'
hr lit liul\ a nllIlO! h rurv« lin ounh IIII' ('Ill in' tI,ll a, I lu- varluhilirv illl lirut (I( I ill
111Il! :,("'Iioll was 1101 1!,lp\'ilut as all indirutor of ('1T(Il':; ill th(' 110\\'1111'1"1"1, TIll'
1i('lIltl'\' :-.1I1I\\'11111 t h,' lig\ll'(' was ('OIlHiHtl'lll wit h till' 1'1'1'(,1' ill prolil« intl'l\l'ati(lll,
alld wa:, qllil I' pussihlv primurllv (It II' tn t ltii'> 1'1('I'I't. 1>111'tot lu- ~;lll()(Illt nnturo
of I hI' llow varlut lou, till' 111(11'(' ilpJll'lIJll'iall' 1II1'iHilll'(' of \'ill'iabilit~' 111'1'<'in till'
~.ti\ll!lill,1 1'11'01' of I Ill' nu-nu !lhillkwlII, II 11!lj'a:: t1dilll"\ Wi

,T (i.x)

',.111'11' S j" 1hI' lIlthil"'I' III '\;11 II pniut« .nnl III j" !III' '.I.lIl1lanl dl'vi.ltiull 01 IIII'
,Inlil lunu !ill' nn-uu. '1'111'1\.'\\'1111'11'1' dill,l wa» ~'i\IlIJlh,tl ill 1011111 >111111111' I ',I

"If III!' 11011'j.II'I!'r 11'!'f" 111'1111', 11'>1',1111 tr.uk ,I ludl 1'1'1"1111'111 \' 11,1\\ 1',111011,,,11 " with ,111., '1111
"I' th,' ',,'!III' "ltlt .. ,I', th" ',11111'11 ,\ h"'IIII'11I I' " tit"" 1111' '.\ all", III IIII' 1111\\'lIl1'{I', ,1,11,1 WII!t',1
II", "Iu,' ...i",IIIII1,llIl, h'T'IIN' III I hat '.1'," ·.III,11I11l1IIIII,IIIIIII·,tlf 11"11'111"1"1,I,II,t \\'11111<1ht' '1'4'1110
1Il!I'[ .lllInll!lI\\ 1'\"'111-., III d, ,11111'111, ,1',1' IIII' \,\Il.llIull '" "'lIlIlIlh. dir"'II,'lv 1111' ,'ulll,' d,lIil
',\'1 I', u-. .. l t« Itt ,1'1111',10' "IIIt1f1th 1',,!I'lIlIlIlloll
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W()lIlcl111' Jlos~ihlt, ill a roustuut llow ~\·,;tl'llIli, ,\1.1'1'1'01' auulvsi-. ill ap)ll'lItlix ,\, ill
SI'I'I iOI1 .\,1. all ('Illpi ptt 10 tll'tlll('1' I III' 11111'1'11aiut \' ill int ('l',ral lou, \lsilll', uumorh-al
rial a wit II r.nulom 1l0h'I' ~'lIll('tilllll!l'.I'(l. Tid" ('(llll'huh'" that, Jill' well pla"l'd
\'I'lodl~' }lOi1l14 Ihl'Olll\hollt Ihl' hnumlnrv 101\'('1', till' innan- I'ITOI' ill i11Il'I',l'alioll
\\'a4 ahol1l !l,Il:.!';:,

OW'I' thl' 1I(I\\'III1'tl'l' \\'i\;. ralihl'i\ll'd, a lairlv I',owl illlil'jll'llIh'lll 1'1'101' 1';'lilllilll'
III'('illlll' avuilabl« lu t nut I hI' 1I0\\' rau- hom individual illll'I'.ra:l'li \'('I(ldl~' plOliIl'~
('u1thl Ill' l'olllpiln',1 ,lin'I,th' Iu Ih .. "alilll.tll"l dala luuu rill' 1I1l\\'1IlI'I1'1:", Till'
allilb' ,j:; ill thlt alllll'lIllix I'Ow.;dl'l'l'li oulv velncitv I'l'O Iiht data 1'10111 till' iuttlal
parallP! portiun (If I hI' 1I(1\\',alllll'lIIl1hlcll'llt)J.t1 rill' art nul "ITllI' ill I'lt,l'aliulI
wa~ 11('111'1' thau 1',: of thl' uu-au I III"~ ~I'dillllal \'I'ludl\',

7,5,a Plowmotor cnlibratlou

I ult ial ('UIIIIHll'hioll h ..1WitI'll 1111' IIl1wl',ll (';; ,t. dl'll'l'Iuilll'tl hv I h.. Iwn (lim'n'lIl
1l1l'111(IcI~ sho\\"tcllhat 1111'11(1\\'1111'11'1' dilla \\'.1'; I'. 11I1\l'h a'- l:i',: ill ('1'101', 1':';ll('dall\'

al 1111'10\\'1'1' 110\\1,.. 1,':-., IIo\\'l'\'PI'o I lllllP,lI'j:1I11 1)('1\\'1'1'11 IIII\\' datu Irmu (lilli'n'lll
I I'~I n shU\\'I'(1 I hat till' (It'\'inlillll III thI' 1111\'.'1111'1or tlalol wa: hi",hb' ",\';;11'111011k
und rhu« 1"'IIt',II'lblt" Ih,'I'I' lu-nu; nu uotlu-ahl« Ilt'pc'Il,II'III'I' III' 1111' I'I'I'UI' Oil IIII'
llow a(,(,l'h'1'alioll. 11111\' 1111 IIII' llowrat« il:,I'Ir. PIli' III this fad, it Wi!" ,ll'rilil',1 III

l'illihmll' Ihl' 1111\\,,111'11'1ll~illl\ I/Ulhl' l'''I"'l'illll'lllal,J;!Ia, 'I'he l'I'a~ollilll\ JlI·hi11:1
I lli~, WiI!' a:, lollow»; I hi' l.J)\ '<llt'II'I'lIIilll't1 IIIlWI',III'. whih JlIIII'I;llall~' 1II'C'1II'alc'

ill tlu- III1'all. !.hll\Vl'cl fail' 1','01111',' ill iudivirlunl ('iI'",l', 1'1'1'111'11III 1111'~Jll'dli(' un-
1l11'1' (If IIU' dOlIi\ 11'11111Ilw 1"'1'1 klllill' IIII'. ,'ll'illl~ :.1 al ion", TIll' 1111\\'1111'11'1'dal it
1111 IIII' 01111'1' luuul. whil« itHII 1'111'0\11', \\',1'· 1'I'III'ill,l},h'; pIIlJl('1' ra lilun I ill II (If thl'
uuit \\11111,1.IIIIIW an'1I1'ill,' til'll't'llIillaliolllli' till' 110\\1'0111' dill'('lh' Irom 11th ,Iala
ulou«, \\il111I1\1 n",ol'lillg tu llIlIliIl' illll"',I'iIIi(lIl, \":,1' III' it lal',',1' dalil Jlll!Jlllaiioll
(inll'l',I"'tl't1 Ilowrn II , 11. Iii Innu all Ih,t 11',.1.,) woukl allow :.lIl1idl'utiy an'lIl'al('

I'alihl'i" lou Ill' IIII' 1111\\'11,,'1('1',

1-'11I\\'l'al I' I im« vari.u lou Wit'; I lui- 1':-;tt'<!tll't! 101' .111 \'l'llIdl v J1ll1hh" II\' illll'!'.ra,
I iou, alii I I lu- II'!Hllh Ibl'clllI 1',llihl'i1'1' I h,' 1,It'd 10 lIIal;11I'1 it' 1111\\'1111'11')', rill' n':'l1lt
III' thl» ruliluutinn h ,,1111\\,11 ill li",IIlI' 7,1:1. \\'ll('n' Ih,' r.uiu ,If ('XIII'I'I('(1 (1.1)\')
I II IIIl'a~l1n'( I (11(1\\'1111'11'1) 1111',111II (I'." ",,·,1 ioual wlndl" (llnwl'illt' di\'h Il'tl l.v I lu-
"W"'d,('rl jUllal ill!'.!1 j., pluth',1 'll',aill'.1 IIII' 1,1l\' 1111',111(1ll:':"~'I'I'llnllal W!IIl'i1 v,

"Ill ,I flu\\' ~.\",I ('111 W ln-n- IIII' 1111\\1,111' 1I'lllollltt',1 (1111',1,1111. t Itt, 11111'1\1,11111mfllllllaltllll 1111111
Jllllhh'" ill ,hll"["111 tilttt"" uulrl lu- (IIl1lllolrt'<1 1111"III ,lltlltlil'l, 111101,1<'. t'. (1111111.111' tluu 11"\\'[,111'"
, with h ',hlllhi IIf < "111',(' 1"11101111'"11',1,1111 If IIII' 111111'11',I'If 1"11101111.. <1 ,. I. III fh" 111I1I'llt ,"1111'\1
Ihl' IIlIlI'r, II' v.irn-d 'lrllllt\11', 1111' »nlv )l1l1U\ III '"I1lIIoUi',"11 th(' 11'1\\1111'11'1 .1,lliI 11'01" !olllal'" I
'Ih" III ('11111" .ru 11111" ""Ihllllll I", 11"",1 .111(" III' rill II"" (11111'11"('

'''1111'' 1m" ("". "I mh'lllIll'. I h,' ('11111 \\'.1', p"tt'1I1 Mil\' 'Illular, 1IlI"}\t.11 (',I ,1.11.1 10"1111\ 11.... ,1
III hIlII ,III' 1'.llthr,lllllll (1111", IIII'I ,lhl'[,111'I1 (1.11,1 1111'11 111'11'1', 11'01,.1 til tII"'l IIII' ('11111 III IIII'
illll'I',I,III'(1 1'1'1"il\' 1111111(1". IlII\It'I"'1. ',lilli' 1111' ",!il.l 111'1111,11.1W,I', IIltl,IIW'.1 11',1111\ ,,1/ IIII'
\'('1111'11\' I'lulih' ,1,11,1 fl"111 Ih .. ('1I1U(' ',III,h', IIII" lllIllliIlr,"1l \\'.1', v.dul

"Ill ',lIlll"III',I,III1'''' ,I 1,,111111\ 111111'11,\(,· 11,\'0 '111',1' .1111' 1"'"11111111111111111 .. , h.u l.up ,1..1.1,
hiI', 11I11('llIll', ·,IIII'.I,lltllilU,' 1111' .u r 111.1. v 10 II !til It lilt' 11"111.11,, ,"llhl lit' ,h''''IIIIIIII',1 III 1111"",
.t'·t".



(\t'sl'l'ilws tht' l'l'latiullshipllt't\\'('I'1l Ll)V fl'l'(llll'll(,~'l'igllal awl \'('lodt~·J. As till'","
qllilutitips \\'1'1'(' kuow II 01' coukl li« ill'I'nrall'h' "l'tl'l'luilll't1, vclorirv pl'olill's ruuhl
Ill' i\('('lIl'lIll'ly ('Olll'tl'urll'tl .uul till' oulv llla.iOl' ~011l'('1'of 1'1'1'01'ill III(' ('xtl'ilt'lioll
of tllP Ilowrat« WilS Ill!' 1l1l11II'l'iral iUI('/\l'i\lioll 01 lilt' Illulill'" Ihl'lll~I'h'I'H,

'1'11(' iuoun ('I'(l~s":'l'd iouul \'('Iodt~, was I'xl !'arll'd Irmn IhI' wlndl,\' }ll'olill's its
follows: It low-ordrr (:.?utl onler) lit WilS IlIH(h' til Ih(' ('on' lIow ill IhI' pilIP, whll«
II fourth or fifth 01'lIt'1' iii Was illlpll'llll'llll'll ill 1111' hmlllllal',\' Inver '1'111"'1' Iwo
littvd ('m'ws \\','1'1' {i'1'I'l'd 10 illll'l's('(" al il dlll:'.l'u nullnl sturion, 'l'h« ('III'\,('~, \\'1'1'1'

1111'11 illll'gral('(\ unulvtirnllv tu l'xll'ild 11H'mvan lluw il('('ol,t1illl', III

F1II :! r1l'1I(1'),II',.III (i,i)

FigUl'(1 ;.1-1 },lmwH th two ('IU'\'(,}i Iit.tvd to a pal'fknlal' wludl\' p1'Olill'. 'l'ho point
of iut ('r;:I't't iUII hl :-11111\\,11. Silln' ollb' illll'l',l'al illiill'lililljoll \\'W' n'(lnin'll lunn IIII'
jll'olilc"l, it \\'a~ nut important Ihat thl' two vnrv«. IllHf('h ill f!."il' dl'l'i\'ali\'l's
at 1111'pnlnt 01' illtl'l';i!'l'Iioll; lId!hl'l' \\'('1'1' nnv luuuulurv l'tlllllitiull~ ('111111('1'(1ill
I ln- I'Pllll'l' (II' tIll' pipI' .. \1'0 a I'm\'!' \\'01;:lit !I'd lot hI' I'lltil'" lunuulurv lll~'l't.. tIll'
\('Iotll~' prulill' ;:11l}l1'OIl I lu- wall \\'il'. lill! WI'U ill(Ii('al I'll II\' Ihis IH'llI'l'd l1l'1''' ,
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Fi1'.ll1'I' i.11: 'I'lu- 11111111'1'il'illinlt'l'.mf iuu of I Ill' I'XllI'l'illll'llt it! \'l'ludl\' plUml', ill
unit'l' ttl ('ilknlalll tIll' Howl'Iltl': tal, point of illll'hl'('lioli Ill' IhI' 1i11(,d (.ItI'VI',',

I>UI' 10 thl' fill'! thaI Ihl' J1m'.'I'.lt(' vilried I'XPOIlI'lIli"IlV with fillll'. it \\'W. III II
din'('t I\' Il()~.~ihh' 10 rilklll'lf I' I Ill' orrur ill hI III ill I Itl' iut I'I',I'ill iuu pllll'I,~.:i a!i

"A 1'111\" ht ttl till' "111"1 ",I,.", .. I'I Ill' Iotlllll.I'1I v 1,1\','1 \\,1' "I'ITI!lI',llh' 11".,.1 I (I illl"f th-rh .111\'1'
iufunuuuou ill IIII' \\',t11 .\ ,'plU'[,llllIIlIIld \1\' 1,1\"'[ hI"" 11',"" 11"[1' \1'"", ('"11111111 1\1\'1' IlIl'.hl\'
\',lIli,III,' ,h'[m\fi\vllllullII,I!lIIII. I]''''PIII' ",1\111/\ an 111,11" 11,11')\1.1111",1111" llu- ,It'II\'IIl\1' 'U[\'I"

iiI I 1111\ llItH ",hlll' I', ,I, ,,111111',1111 .... , 111111 .. 1t:1
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Fi!\III(' ;,1:1: Ydoc'il.\" pwIil!',; till' til(' ('Jilin' pijll' CliallH'It'l" :,hIlWill!'. tli!' ,\'IIIIIH'll',"
Ill' IIU' 110w, Data Irmu tIll' far portioll Ill' t lu- l>ipl' haw 111'1'11l'('IiI'I'1 c'd ahnnt IhI'
pipp origin 111 lil' 011 Ihl' Ill'al'-"itll' Ilala: (! 1, I IO fi: (:!l. I :W ~; 1'. W'ilH,idl'

tlltl a: ~, flll'<l'hll' data,

~rall~' dma·l.\· l-IHlt'l'll \'Paclilll\H WPl'P Iukou Iroui 1hI' III'at' I'itil' (If I hI' Ilnw, whil«
(lilly It Ii·\\, (,()ill'1>('I~' }ipiln'" Iw'a,,1Il'1'11l('l1h:WI'l'I' HUHIII on 11,1' fal pOl'l lou, Till'
fhl' data 1mVI' hl'I'11 t-upl'ritllpu"t'II Oil I hI' lll'i\l'c"jd(' pl1llll s I() shnw t 'wit' IIlt1 I !HII
('IlI'1'1'11I1lou, Two \'(')(1( ;f~'prolill')'; al'(' shuwu, ill o\'d(lt, to vpril\, tht' }'~'lllllll'tl'.v

for lliffl'!'(,lll IHH'tiollH of th« Ilnw dovolupmeut. ;\1, ('i\ll IH' H'('U, 1)1(' rlutn lrom ol-
th('I' Hitll' Ill' Ih(' ('('utl'ditw C\t'fi('ri},(1 iti!'lltit'ltl \'(Ilndty 11I'olil!' Hlmpl'K In within t ho
1l1l!·t'1'tl\illt~· of I Ill' UW Ilal u, 'I'hn« ult hOIl/\h Iht' fal' )'ih\1' dut it wm; ('0;\11"1'1,\'"am-
plt'e\. IhI' fi;l'l t hat rnrh lwinl lulls l'~a('ll.v Oil IhI' llt'ilt',,~,hll' profile' iN iwliml i\'l'

of tIlt' high c('I\I'(,(' of H,\'IllIIlI'II',V Ill' I hv 1I0w, OJ' C'UIll'!<!' t la' eunvur llU'a!"'t\t'I'II1t'lltl"
\\'1'1'1' !I()I t'il)Hlhh' Ill' illfhl'illJ', I Ill' /'1'1/inti }i~'llllllt'l 1',\' :If till' M,V:, 1"!II, hut IIU' gooel
tll',l'l'l'lllt'llt ill I'hl' horizuu! al phUlI1 huVli('11 I \1i\1 I ht' J',1'11I'1'1'I :~\1II11ll'1 l'," Ill' I ho II,,\\,
wm, t'~I'l'll('Ilt. ('lIllhh[t'l'ill1\ Ihl'lIo\\, \'i\!,i;\bility mul I Ill' illl!'1 'Iuuup'. ,". ht'lill'l' it
\\'a:i imp()fiSihh· In dt'(hl('1' \\'I1I'11I!'l' t!tI'IW l>h('IHlIIII'IHl w('n' ill t,,!,! :;YIIIIllt'lrkal.
Ihw to I III' !4illl\lt· poinl 1111'11,,1111'1111'111('apahilil\' ul' IIII' 1'1I1T1'1l1 Ll )\': hO\\'('\'l'l', a~l
«ll'llHllll,tTal('(1 Hho\'('. IhI' IIltcli:cillll'lll'd laminur c(e','p)opIlH'lIt b (I'l'l ailll,v hil'.hb
nl\b~'II11IlPt l'it-,

7,t).2 IntC'grat ion of tho v{\lo<'it:y profllo»

J hH' III 1hI' ';\'llllllt'ln' lIf IhI' ,.\'1,11'111 it:. 1111'111irHt«'cI 111>0\'1', I IH' Jlll\\')'ill I' varin-
tion rouhl Ill' Ililiailll'tl din'I'lh' ('1'0l1l lhl' 11l1'<lHlI'('d \,l'llldt~· pl't1lth'~" hy hilllplt·
illll'I',mlhlll, Ali a n'~,"1!or IIII' lillt'alil\' or till' I.ll\' IIlt'il>illl'('IllI'Ilt. IIH' vnlu»
of II!!' \'t'loril~' 11i11'1'~; nnplitl'tl h~' t hi- llI('allh \\'1'1'1' 1\11;\1,11111'('1\ 10 bl' (1i1'1·,·th'
lH'O)Hll'liOIlIlI to IIH' urtunl \,1'1!ldl~" whatt'\'I'1' tltl' wiodt\, 1',1111"1',lit unlor 10 ur-
('III'i1tcol.\· ('1111\'('11 Iht' I.I>V ,1'\la 10 !~i\'l't hv 1'01'11'1'1 \'t'lodl\' "ahl"'" 1l11I\' th!' lala·t'

\\',I\,(,!l'IW,I!I aUtI ln-utn inII'IN'I'lioll hair '1Il1',h' llI'I'lh'l! 10 hI' knuwu [l'qIW'ioli {i,ill
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Turbulent ('Oh('1'lIH'P

'l'h« nubnleut l'I'I\iOll "1' ill 1i~\Hl'l' i.11 abo ,11':-1'1\'l's 1111'111ion, II I'!'I', I hr "Irollg
vnriabilltv ('Vitll'lll I hrounhout I lu- 11l'('("('llilll\ tr;ll1'..itiollall'l'l\ioll" ':.!' .unl ':1' 1'<111\·
1\I'1I1y Ili,.aJlIIl'it!'", awl tit" trat'I''' 01H'1' a~',ajll hl'I'UIIII' hidll~' 1'I'})('al abh" This
lu-huvlour wonkl ho ill kl'l'pilll~ wit h IIII' llnw d,'\' 'Iopiug a trulv IlIl'bnlt'llt 1)(111111\'
Hl':'la~'I'I' at fhi" rhu«, Till' }ll'l'l't'llI'l' of a \\'1'11 ii, lill('(ll'dcl~' \'i~('o:-il~' iIlHlllIixill!\
!t'l./': h ill il nnlmk-n: 1)(l1l1l1litl~'I'I~'l'l'wouhl r-nsur« stl'i1li,\'lu'hil\'iolll' ill 111('rueun:
Ihp ('on"Jalioll of I lil' ,lata in roniou 'I' iwlil'tlll':- Il:ill it Iully turbulent houudarv
la~'I'I')IH~ ill rad ,h'wlnpl'd 111'1'1'.

T:1I' huul ronlou • l'l'l'.ioll ,:;' h. hH'llltll'l! 1'01' 1'llIlI},) '1I'lIl'~~" II i:- fll'l'sl'lll ill "lIl1lt'
ll'l"t~. mul i~,hI(' slmplv 10 1I()1I-1't·I)('ollal.iJil~'iu rlu- shulllllwlI orthl' llnw s\'"II'III:
ihus 1!1I'c;1' i1pJlill'l'lIl plll'HlllllI'lIit ill,· nut !til' III t hI' I'X}HlIII'III ial llow ;.\'1'11'111. aut]

shoukl Ill' igllol'l'tl.

7.5 Flow motel' corroctiou and scaling of velocity
profiles

TIll' ~'I'rtiuw; ahm'I' l'OI1I'('I'III'd lIlt' IllI'CU'lll'I'IlH'lIl 11ft hI' volocitv prolik«, uiul f h,'
dl'll'l'I11inatiollof l he puint of Ilow hl'l'akllo\\'11 at t1illi-rl'llt axial :-Ialiolls, FOI'IIIt'
t \\'1'1\'t' Il'sls ,'oll~,idl'n'll, lilt' flo\\'I';II!' vnrlution ill I inn- was 0111,\' knowu approxl-
1IIi111'1~'.as 1',h'l'li ill tnhll' i,a, This s('t'lioli ii'>rOIl('('l'IH'11 wilh 1)11't1I'I!'l'luillalioll
of I hI' uct nul variation or I hI' 1111\\'1'1111'wil It I hue, ohl niH!'11 11.\' iull'/'.ral iOI1 of
IIII' "('llll'it~, :'rolihh, aiul mJihral Ion 01 till' IIowi 111'1 1'1', TIlt' IHO"('~:' or \'dodl~'
IlIl\'llU,!is,\lillll j:; ablllh':'I'l'illl't\. Whl'll'h~' t\Il' wlodt\' Jlrlllil!':, all' tlh'ic\l'(\ h~' 1111'
(Ol'I'l'('11l1 Ilowrut«, ill 1I1',il'l" II' ~'h'ltl rln-ir 1lI111~lIitHlh' of onll'l' !lIlt',

7.5.1 SYlllllH't:l'Y of tIl(' volocltv pl'olllN;

'I'ln: t'Xlll'l'illlt'lllal \'dolll,\' prolilv llH'a:'ttI'I'IlIt'llln WI'I'I' l'OIlI'I'I'IlI't1 wlt h 1111'11:.111("
1111'111., 1I10UI\ IIII' ItUIi.~(l1l1HI lli,lllll'll'l' of IhI' pilII', Iroin t Itl' nvur pip!' wnll til
Ihl' u-ntre lhu-. T.ldl it, laldl!!'. -nrh lhuluxl n'll!lilll\:' wa" lit" il:"illlll}llioll u]
ilXj;;~'lIl1l1!'II'~'. xvumu-trv ill uu r-xju-rimontul pipl' :',\':,11'111,1110\\':, t-lIh',lalial shu-
pliJir.11 ion 01 tIll' vr-luritv Illl'oI:,1\1I'IW ~. ill Ihal I Itl' wlodt\ lidlll Itnlll/'Jitl III I Ill'
pip!' run IH' iuli'l'l'I'llll'lIl1 II ),('ric';' u, Itll'a:illlt'lIll'lIl" a!olll'. a :,illl',It' I'illliw. 01' IhI'
pipt -, IlIlIl'Ih'l' til Wl'il\ Iltl' ,H"'lIll1llliolllll' ilXi;.\'lllllll'll',\ illl!>I' 1'1111'1'111('1)1111':0;1,

tl'illlilll'," ill ~,IIIIlt' t t':.h \\'1'11' 1'\11'11111" I pol:.1 t hI' 1'1'1111I' pOilO1 III I ht' pipI'. tn I hI' lnr
pill" wall. 'l'lu- 11",1I1tit....wlnl'il \' clill u oIl1ll\\'I't! Wl'ilil'al ill II III I Ill' Ilow !,\'lllllIl'l 1,\',
at h'll'it ill IhI' lun'iruutul pluue. Ilillil hum ,,11th il 'filii' \'t'llIdt" \lllllilt, j" :,1\11\\'11

Iwlll\\' ill 1i",lIt'I' ;,1:1, \\ 111'11' IW.1 Illolii"" luuu Ih,' pn'!illlillill\' It",t EX!I( I an'

I',i\'l'll (,1'/11 :!S!I,S,lluw variatiun ~'illlll' .I~'.F:\PJo:I. 101'1'1"'1'0111 IiiII', 10 llill lillll'"
10 ,. mul ;!O " ll".!"·l'thl')\'.
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Figl\1'(' 7.12: 'I'll!' distribution of tIll' point;; of (ll'viatioll uhout tlu-lr moun. Jill'
t lit' ('Ul il'l' I (..~I· (lXPA, Dal it has hl'l'll ('Il111hilll'(j " Dill alllll!'iI}iIIl'1'1l11'Ilt 1"1al iuu;:.

EUl'ly Inmlunr vnl'inhility

Wit h l't'ft'l'('lH'I' to Jiglll'l' 7.11. apart Irom thl' lumlunr }ll't'tllt'llill hlllS that Ih'Vl'lop

aftl'l' ulmut 2!l H, thl'l'l' al't' rnrlior 1\1'\'iatio\lH I'vie\l'lll, llotilhl~' till' 'lunnp' shown
h,v II Hillgle' I('CII 111 (illl!' 10 H, Hnd tlw hiflll'l'ltlioll of fIll' II'HI'PS itl al.out Iii Ii .illlo
nu tlJllll'l' unrl lowor hrnurh, TIll' )ll'I'SPIII'{' of thiH lnlot lnuup waH ill somo tI'HtH
\'ariahh' (ihl' dill'I'l'l'llt tl'I\I'!'K it !H'I'I11TI'I\ to It gl'l'!ttl'l' or }1')o;;;1'1't1"I',l't'I'). III all
('IISI'S whore In'('~i(lllt, it was r.mtiu«] til 1l1'IIl' thl' wall, and u-mulued lutuluur arul
suuill 1'\'('11Wl1l'H Ittr downstrvam. '1'111'1'1'WilS IlO ('()I'l't'lalioll ill'twI,t'll it~ 1l1'('NI'jH'1'
uiul th« hl!!'1' Ilow dovlution, III< uutur« j" ill 1\1111'1\1'1\ ('uutrasl to till' lutvr JlIlW
(h\\'illtitm w!til-It hxl lornllv til n tnrbulout Ilow,

'I'he later hifllrmliou {hi l'I(lIl1(' tt'i'Ots (111'1'(' \\,11" more thun two uuulos) H('(llIlI'll
til hI' It Illllllil\'siatiou of tho inlt'( \'ill'ii\hilit~· 1\!'NI'rihl'(1 ill tw!'lioll (i.a, TIll' ap-
}ll'!lri\ll('(' nf thi;t t'nt'l~· \'al'i(\hilil~ S('('I\I('I\ II'll I,\'1'1I1II10IU; Ihl'I'I' wa" IlO 1'(lI'I'(llnt luu
11(1Iw(,(,11it mul unv oxtvruul ('()lllliti()II~; (':\1'(')11 tho H('ltlhll~ tlm« l)('lwl'('11 t('HIM.
lIo\\'(I\'('1', till' ('\\1.'1'('111hl'tthul\ titUI' wus optlnuuu ill l'(,tl\ldu1\ 11th, ,lbllll'lHtll('I':
(\t'(l'I'i1Nill:', IIH' tim(' iU('I'I'a"('I\ 1hi' \'Hl'iahilily, but (':\t('w\hl!_\ t hr I hu« Ilitl 11(11

1'('I\1U'11IIH' I'ltlltiollllll'''S flU'thl'1' thuu tIll' l11'I'~l'1l1 It'wl. A Hi!',uiliralll olnwl'vatiull
wm; t.hnt thl' 1nll'l' polnt ofiu(,I'pliulll'l'I'IlH'ti lI11nlf('c'(l'ti ii,\' lid" hi!'\Il't'alioll, 'I'his
ullowod th« 1Il'i!'of all data, "('I"ill'ltil'Hh of dlt' uuturo of till's!' ('i\rlil'\' 1\('\'illtiullH,
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Fh\lIl<' '1,11: Multiple truros Irum 111('1ll('il"lIl'illg stutiou <1AO. (,r/N ;?S,i(i).
illnstratiug thl' variahility of til!' !loilll of itlt'''lltioll mul tho rosnltaut lH'rtnrlw(1
w!odty lipid: (1). laminar Ilnw: (2). perturhed huulnur I'nw: (:1). tnuu-itinuul
Ilow; (,1). turbnlrue lluw: (til. shutdown variahility,

and ohl uiu 1\11 iudlcutlnu of IhI' variuhi!"
axial lil at ious \\'(11'(' rmuhiuerl aft 1'1' lil
Tit!' roxultunt (Int.L tints luul a 111(1(11.

(lraw bl'OiUllitatistil'al ('1II1l'l1l"iOlIH,

.. , hI' out in' I('sl, cia! a from (lilli'l'l'lll
. iH'ling thl' mean Iroin enrh tl'Ht.
I, wil It II sulllclout poplllal ion Iu

For 11ll' 1(1:-;1GXPA or whlrh till' IJilta ill !inltl'!' i.11 is a slllnwt. Ihl' stnurlarrl
dovlatlou 01' tho ('uti!'!' data wus l,(i;?;W H; uud I Ill' IIII1nhor of dutn IH)illtH WUH
l~(j, Fil"IU'P 7,12 Hlltl\\'H n hilllogmlll of Ihl' nhuv« (lata: ('\,it!('111 hl'l'" i~1 Ihl'
bl'll'Hha)lI'(1 1'11'11('1111'('of I 11(' lIi~1 ()!\l'iI1U. hulicu tln I', thnt 11,1' dat <l is db! l'ibnl 1,(1
nonuallv uhout lilt' 1111'.\11,

'1'111' fad Ihal t hI' illl'l'JlI ion clal it was do!"1' In nonual, I'"I",I\I'~,II',I Ihnt I hI' How
vntintiun I all II silllple' !"talj;iti!'lllllatllt'I', SI 11lit' or tlll' ,;('1\11('1' waN pOi'iNihly (1111'
to orrors ill I'Htiumtioll, IIU\\'I' \'1'l', I II!' iunuto \'<ll'iahility wn« ,al 1al'I',I' (,Olllpm'!'tl
10 Ill!' orror ill ;;dl'(" lou or I h(' poillt of' I l'l1\1:.il lou • ilhu1l1 0,1 ~; III u '1'1'1aint ,\' • Ihal
IIII' lidtl'!' ('1[('I,t ou t ln- Ilata ('(lIllIl he' l'i\IH~'h'.IIOI'I'(1. ~1()1'I' worrvim; t huu I'hlllllr
alil\llllll'lll 1'1'1'1)1'11,waH III(' ll()ssihilit~' that visnnl )ll'ol'ps;;illl'. Willi iull'otlnl'iw·, it

hins luto thl' data: Iur i1l:,t1l1l('(' by' lIIbilll('l')Il'Ptilll', plu-notuvuu. Unfortuuntolv
thl' nnturo or thl' data 1I1i1l1('il (lillil'llil 10 i'tlI'l'hl'l' am'ul)lI'l' IlU'IlW, of Ill'(lI'I'S,;ill)',:
Iurtlu-nuou- tll(' normal disll'iblliioll Il'wll'lilo illtiil'illl' 111iI1 !<~'I.ll'llt.llk hia,.ill)'.
wns lIol 1)('('lUTillg, 'I'lu-r« \\'iI'- 110\\'1'\'(')', Ill! tiuu wnv 0)' l'nlill~\ 11111 the' }Il'I'i'I'IH'('
nlu !4,\'fill'I.1iI1i<' himi,
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Fi,'.l11'(' 7.10: A wloeity • tiull' tra('!' iu th« pipp rontrolln« fill' downstro.uu, show-
ing tho ('OliV('('It'cl turbulont Irout. 'l'ho (lata j;; EEn,()O:l:.!, wit h nxial position
,1'/ If C.o a:.w,ml,

The dutu was Iirst Hlll()()lllt'clll"illl~ (1)(' :;1unrluul SdH'Illl' of s{'rl ion :1,,1.2. Tl'tH't's
ill which IIII' puiut was 1llllbignolls or unclonr \VC'1'(' il'.llol'p(\. TIll' result il1g {It,-
viation thno till' (Iad I axial stntiun was 1111'11 olit aint«] 11,\' tal:il1g tIl(' moan of
111('vnlkl tiI1H'.~11m" ohtulnod. 'I'hus for ('nell nxiul suuiou u sj'lgh' vnluo wns
nht alnod {'\ll'l'('SIHlllclil1g (0 tIl!' IIII'll11 Iillll' of dovlutiou t hero, Furt honuoro, t lie
stunrlnnl dovlation IJf tlt(' datIl at ('1\('1t axial stntiou rould ho dl'l('uuhH'<l,

Hl'i('('tiOll of this point \\'a~ hy til!' nuturo of tIll' prohlour, iuuuual. Tho clt~ta
W('1'(I hm(\t'(1 into !lInt luh, (lh,p]<t~'l'd Oil I Ill' coinputor HI'l'(ll'll, amI I lu: point, of
dovlutinn WI1Srhnson by i'il\i(,(,titlg it with til!' {'()IU]!UI!'l' lIHl11l'('<IIl'HO}', 'Io }l1'(,wut.
allY bin~, Ih(' iwlh'itlnal tm{'('li \\'('1'(' tlispillY(,c1 withoutn st'Hll': Iurthenuor«, 110

l'('l('l'!'IH'!' wns IIHitIt, In III!' (",lIl'rgilll~ rosult« until all tlil' ill('('lliion poillts \\'!l'l'

oxtnu-tod.

7.,1.1) Variability

A~ )11('111inned, it ~;illgh' ilH't'pl ion point was obt nitl!'(1 h~' Illkilll'. t h« moan of
(.w!']w lIH'l\KIIl'C'll\l'lll./i at Ill!' :,1\111(' stutiuu. TlI all thl' tC'Hls, tll('I'1' wn» It raitly
lill'lV' variahility IH'II\'('('U iudlvidunl dill H. of III(' Iill II' al whil'h I Ii!' Ilow d('I'inlioll
wa~ til'S! untod, Fignll' i,l1 ~hO\\'H tIll' 1\\'1'1\'1' runs Iruiu stntion (;AO. Hhowiug
Ill!' {liHj)i\l'ity IH'tW('('1l (('"tH, I\~ C'ilU 11('~I'('ll, (11,,1'(' is variability iuuat« 10 till'
llow b~'HI('lll, 'l'h« stmulunl (jpriilt inu or til!' l'!'"lIllilll', \lOilllS (ill 11'1'I1l~ 00

' limp)
WilS b, 1.!l1ll Ii, This mill!' tl'HIl!'IiII!'d iurn a HI'Yllohl}. IlIllU\JI'l' varin; ion ol
IlpJll'llxillltll I'ly bu. 2 Itll. TIlt, "I ilt j;;1it'al (iht l'iblll ion or I Ill' cnru-nt \loint H

wus 0[' iIlIN'('St. III onlt'l' 10 ill!'I'l'il~C' 111(' (inla populnt iun a!Jo\'(' 1\\,,,1\'(' V"h\fhi.
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All hough 1}\('1'<' is misuligumont hotween t he lmlividual lra('!'!"> and thl' ('\11'\,(,,,

(hlP to Ill(' 1l1111;'l'dktahility anrl unn-roprutubllltv oftl)!' doviatlon proress - tho
vclucltv t.l'1U'('H al'l' lndlvt-htal renllsntlous wherons till' ('m'ws 1'1'1>1'1'1'1'111moans),
1Ill' !-wl'i('s HIIOWS 1II<'devolojnnout of t lIP Ilow SyHt(llll to good ('!Ii.('!. '1'11(1following
Ioatures a1'l' ovidont in thi» lill.nl'(,:

(i) Near tho Inlet [curvo (1). (2)]. tho lauiiuur breukdowu i~ 1'0110\\'1'(\ by an
(lxtl'ud('d l)(1l'iod of disturiwd huniunr flow, Turbulent pni!;" mnv lH' SI'(lll,
hilt roversiou 10 tilt' disturlxxl lmninar slatp usunlly ()('('lII'S,

(ii) TIll' dpviali(lIls 11('<11'I () 111('inle! an' 10('u li:·i(' (I 10 Ilu' t hin houndarv 1'1~'1'1';

IlO ('01'(' Ilow l)('l'tll1'lml iOlls ur« evident hor«, Vl'!odty trac'ps Iro.n t.11I' pilH'
('plltt'pllm' thus show 110 doviatiou« Jill' tltp entire Ipst duration.

(iii) As 1111' lH(IU:->lII'I'IlH'Ut stution Pl'Of!,l'l'SS('S dowustroani. [I'I1I'\'(IS (:q • (fi)l,
Iht' puin! of d(lvial ion occurs slir;hlly earlier. 'I'll!' ('OIlHl'qtl!'lll lmulunr
Ktl'\\('tlll't'H 1I1't' silllilar tluounhout this l'!'gitlll,

(lv) Tho point at whleh lil(' lunuulurv layt'l' How 1'(,\'(,l'ls to It Iurhulcut Hta((1

()('('lIl'll at earlier tillll':-l whou Pl'ogl'l'HHill'~ Iroin rurvo (1) III rurvo ((i), Tho
(lilll!'llsiolllt'ss ('PllI roliuo vpJot'ity of (11(1wlndt,v prom!' 110!'1l not t'itallAI'

much in this l'Pgiou, itulklltiuJ!, thai this turbulent phonomouon is of a
Iocul uuturo, not ('Ifl'ding th!' shape of ih(' ('Hli1'!' WIll('ity prolllo. III othor
words, mass- flow cnnsorvatiuu ('(1'('('ls .11'(11'1'striet('<i 10 til(' bouudnrv IIWl'l',

(v) For tilt' 1l101'{' downstrorun PI'Olill'H [!'Ill'\'PH (i) (10)], th(1 point of Ilow
dovlntlou Ol'('lII'H a[l;aiu at a laiN' tluio, TIll' iuitial flow !Il'viatitlll i:; smaller,
but j)()SHl'SS!'K iL lal'~~('l' radinipxI!'Ilt.

(vi) TIlt' 1111'1)\\11'111 frout ovrur« dOH!'l' to tit!' dovlatlou point as tIl!' point or
iueusnn-mont 11l'Op,t'l'!'iKI'H.lownstreum, The lllltil't of tnrhlll('lll'!' in thiK
l'Pgiol1 i" iuoro nullnllv oxtousivo, H:-l pviti!'Il(,ptl by Ill!' In!'!',!' iU('I'Pi\s!' ill

bonlHlar~' In~'('1' \'('Iodl~' Iollowhu; Ihe' transition, TIll' ('!'ulmi ruro llow
stlll l'plIlaius In1'gl'l,v lauriunr in Ihi;; 1'('1',iol1, hut Ill!' lmtuulurv !lWI'), hI'''
!'OUH':-l('ulIlj)I(,tt'ly turbulent.

(vii) \'!'l'Y lilt' <lowllS;rp!Ull, th!' llnw ('('H!'it'Ht.) show nlly iuitinl huulnu; devlutlon.
'[\II'h\lI<'III'(' (llIS1\(I!'i s1\(hlt'uly as t It!' lll('IIS\ll'hl)~ stutiou is O\'!'l'('OIlH' by II

pipo-wid« turbulont Irout, All oxnmplo ol' Ilti~ iK nut :-;11O\\,1I Oil Iiunro I,D;
but snl'i1 It Iran' iK !',iWll h~' Jil\\ll'!' i,IO, TIlis liglll'p shows t h(1 ('I'U lrdiIII'
tI('vinl iou Ib)' 111('1I!('ilsttl'iltl~ HI al Ion EE!i, fol' 1(11'>1EXPE. 'I'll!' \\'1'11dl'liJl('d,
('011\'1'('1('11 turhnleu; Irout [<la Silva (l!l!Hll] is (I\'itl('111 h <'1'(1 ,

7.,1.·l Predletlon of tho lncoptlon point

'I'ho id!'ul ilirnl lou til' Ihl' jloiut u] dl')lIll't ur« lunu t lu: l.uuinur i'it a\ I' WHf' 11Ii1l!t·
hy illspl'('tiug l'iWIt tl'ill'l'. awl gl'ilphil"lll~' ~dl'!,t iU1\ t lu' slurt or I Ill' phonouu-nun.
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'flu' two ovouts orrurring in Iiguro i.H • lamlnur doviat Ion and transit ion - wore
typically HI'I'II in most of 11u' l.r.u'('s: th,'1' relative promiuour« (iPjH'lldpd Oil t.h«
locution of tho tm('1' within tho iulot U'Aioll. Toward» th(' inlet plnue, t.he lum-
inal' deviation was well d!'litl('d and IH'rsistC'(1 for all ('xtI'lH}C'd timo. 'Iurhu it'll t
trausltlon was either uhsent roinplou-ly, 01' it gradualtl'illlsitioll occurrod to tlH'
turbulent srut«, As titC' mousuriun stutiun was moved rlowustreum, th<' tur-
huh-nt trunsition hq~all to orcur U101'C'awl mol'!' as a 'hurd [Will', iudiral illA
that tho trausitioual pheuoinoueu was tddllp; 011 lltp form of a ('OUV(,(,t('d slug
[Wygllallski k Chnmpagn« (1!Ji:Qj. Fvon Iurt 111'1'dOWIISII'C'illll. t ho doviatkm
plH'1l011H'1lI11ldhmpp('an'(} ('olllpiptt'b .. and t lu- ('OI'l'!'S!HlIHlilIA I rill I'S showC'd onlv
It couvoctvd turbulent front. Fip;ul'!' i.n shows :-;dl('UHlI lcnllv til(' 1'111 h'p 1'1)('('11'11111

of trunsitional events [or u sinAlI' 11'1'1.

t (s) 20

10

I.S

:~ (111)

2.5 3 3.S

Fir,m'C' 7,1): 1'11(' nul \11'(' mul lituill[\ of Ih« trauslt ion phouomeun ill tIl<' pip('
1'1I11'1UH'l'rl'p;ioll, Data is :wl<'('lp(1 from I lu- (I'st (lXP,\, Axial slatillllS al'<': (I),
,I'IU:::; n.s. (2), ,I'IH c::: 17,(i: (:J), ,,'IU::: 2:l,O; (,I), ,I'/R :.: 2t'.H; (!i), ,I'IU '''' a:J,o;
(0), .1'1R :;,' ,11.:1: (7), ,1'/ H "" (i0.2; (H), ,1'1R ;.;.:.;1\2.11; (u), ,1'/ R '" 112,ii (HI),
,"Ill .." 122,!l: ~. - -, ill('<'plioll (dovintlou lrotu lmuiunr Ilow): ,tl'allsilional
bohavlour.

'1'1'(\('('s Irom <Ii1l'l'rC'ut axiul stutious ar« suporhupos«! Oil I It!' snm« 1'11'1 of uxe«
for tIl<' tl'st (~XPA, Th« Ira('['s aro olfsC't frmu OIH' unothor ill proportiou to t.lu-ir
axial position: t IH'il' 1Ill'ClU is posillOlH't! ut t III'it' axial positiolt awl 111<,11'Illaf','
uitud« is Il!'hitl'ary, TIll1~ tiH' horizuntul s('al!' 1'1'Ill'('s!'ull'l [listalu'(' dowustnsuu
Iunu the «xit. SIIJl!'l'itupoSl'd Oil t h« lig1ll'<' is tho stabilit,\' ('III'\'(' ext rart t'd from
Illp full datu 1'01' this If'sl: till' solid line 1'('lll'I'S!'llls all upproxlnuu« lit through
this dala, and IhI' dllt II'd llur t hI' ()('('IIl'l'!'lH'1' (If t ho wnsh-rlown front. Thes«
('\In'C's \\'1'1'1' ohtnin«! h~' lillill~\ all upproxirunto line thro11gh th,' moun rlvviut ion
aud t ralls!t Ion )loiut K for I'adl axial st al ion. 'I'lu-«: 1IlI'tlII valuos \\'1'1'<'rulculn t 1'(1
h? iW!'l'aglul\ t h« twolv« dC'\'ialiou/tl'ilu;;iliDIl tiltH'S at ('arh uxiul posil iou,
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dilforod Irom 1'1111 I () 1'1111, '1'11(' innuilitv to rupt ur« t lu- l'UI in' phououiouou with
tIl!' LDV 11H'1 horl just ilirxl t hI' shuplistir- mrusurvuicu! approurh of a siugll' radial
11l('aS!U'('llll',lt stat iou.

7.4.3 Description of the phenomena

AlthOlII~h t}u' rloviatiuu phenomenon \,ill'i'; rom 1'1111 to 1'1III , and from stal inn
I () slutiou, most of I hI' Iri1('('S Ihat \\'1'1'(' ('apt 111'(,11 ;;howl'd similar 1n-huv lour. A
t:\'jlkal timing t1'<U'P is ;;110\\'11 ill figm'(' 7,1' [tl'ill'P (1)], This is Ih(' (lata <m:L()()()(},

uud I'ihOWH clonrlv 1\ 1111111\)('1' of ('OllllllOll troud«. Supvriruposr«] Oil t ho ahov«
figlll'(' is (Ill' S1IIll(' dut a, hut wit It I h!' I ra('C' llol'l.tah:-il'd wit h l'('sl)('('1 I () !lit' IlII'jUI

('l'o:-;;;'sl'('1iollill w)ol'ity [trare (2)1.

lUI

0,6

0.4

0.2

o L-... I..-__.__:"_ __ "--_

o 10 15
f (8)

2S 3020

Fig1ll'1' i,~: A Iypi<'n! \'('hH'il~' • Iimo Ira!'(' ill t11(' 1)(1I111dar~'1i\~'l'1' at lhl' pilH'
inlet, xhowiug t Ill' point of doviutiou 1'1'0111huuinnr How. (1), \'('Ioeily tilllt' \.m('(':
(~), v!,}ol'il~' tim« II'CH'I' uonualis«! with 1'l's1>I'('t to llH'alll'l'o:.s,,>,pl'l.jollnl \,pl{ldly:
0, lwilll of (l('vialiou: ., point of trnusltion.

III this lil~1\l'I', thl' iuit inl dovlatlou lrom IIll' shupl« laiulnur (\l'wI0111lH'lIt. is dl'i\rl~'
shown hy tIl(' I'll<hl(,11laminar Ill'Op ill \'('lol'it~·, lllllr)W(1 with all 0]1(,11 !'ird. III
both tho ordinurv aud ('OlTP('II'(1 fil',lIl'PS a slllOOI h, huuinnr d('('rI'HS(' ill v('lorily
was notvd, Aftl'!' thl' vclccitv has d!'l'l'I'H,;t'd Ior it small tlmo, trnnsltiouu! h('-
huvlour ht'! ..ill!oJ to orrur. Tho 1'111h'p lxnuulurv lay!'!' ;;1urts 10 itll'l'(,Ht'1' l'ilpidly ill
V!'lodl~' • ill hot h t hI' Jllt~'sicnl nIHI nonunlisnl 1'('Pl'l':-<(,lltut iOlls • whll« dn~"il'i\l
intvrmittour« i~ llo(t,d ill !hI' 1ruv«, Th« poiut of' lnitiut lou of t hi}, I nuislt ion
('1I'('('t i~itl!lkalplt h~' tIl(' solid dl'd(1 ill !hI' 1i[\IIl'('. A!i holor«, tIl(' Imuslt ion 1)(,·
gillS within flit' thinnlng 1'1'1'.ioll of th!' Ilow, 'I'hi« j:.; illtlica{(ld bv IIII' illl'l'('a:-:(' ill
volncitv with litll(' in tlu- norumllsed reprcsontutinu 0[' tho IIIHIiHIllt'IH'd volocltv
It'll!'!',
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7.4.2 Method of measurement

Tho object of (lip tilllillg oxporhneutntlon wm; ulthuntoly to cnpturo tIl!' inrop-
tion of (11(1 lIow c1l'vial lou plJ('1I01l1C'1101lwit hill t Ill' axial ('xll'ut of t hI' flow. TIll'
above sPl'tioll (lPllloIlHtl'atl'(\ that a Hillld<' well chosen uulinl iueusurhu; stutieu
wn» ,u\pq!'Ld.(' to hiler thl' tillling infnnuntion at all axial posltiou, AI' mon-
tiouod, (}I(' 1\:-;1' or it point-moasurouu-nt cil'\'i('(" ill ruujunrtiou with tho luuut«
, riahility of til<' flow hn-ukdown, pnx-hulod ohl.niuing allY further Iovols or ill-
torm.uion (nuturo anti HlmJl(l of th<' disl1ll'lmll('(I, (Ill',) Irom 1.11<'PXIW1'illll'utal
system. III order to cnptur« <l('taiJ('<l iufonnntlon on t 11(1flow dopnrturo, tlH'
followiug oxperhnoutnl pmrrduro was ll~l'tl:

(i) All axial statiou \', ali chosou und t hI' LJ)V Illt'n:-nll'illl',' volume wus moverl
fnnn 1lH' wall into till' plp«, A 1'I\U was ('oll(lll('t('(l ami tit!' 1'<'s1I11s plot"
('(1. '1'11(1 cnutrol volume wa:-; moved nulinllv, aml marty Hll<'h (ra('PH W!'1'<'
plottvd,

(ii) With 1'''1'(11'('11('(' ttl Ill!' plottod rosnlts, it nuliul uosit ion was visunllv I'Pit'('II'(l
that showed til!' Al'(latl'sl mngnitude uil)(ll'tnl':ltltiolls, 'I'll!' 1III'ast\1'i11~\vol-
uuio was thou jlositimH'd at this stntion, B(I('all~(I til<' ('x,\(,( nulinl positinn
of tho Ull'tlHIll'ing volume was uncvrtnin", and h' tlt(· light of thl' weak do-
1)('11(\(1111'(1 within tho hounrlury layor of incoptlou thno nn radial pusitiou,
this posltlon lufonuntion WilHHot mensurod,

(iii) With til!' 1lll'iU,Urillg voluuir Hpjll'olll'iatply 1)()~ltioll('(l, tho uppumtu» was
nui twelve timos at th!' Hall\p nulial position. ,\ 11tWl'lw II',\('PS w('1'(, stonxl,
'I'll{' number [WI'!VI' WilS 1'1\111<'1'al'hitl'al'~': it Hign lllcunt populnt ion of (lv('uls
was Hilllllly roquirrrl, Aft(ll' complotlon of tho twolv« run» tll(' LDV WH.~
thou moved to unothor nxlul pnsitlon, nud Ill!' nl ,o\'(' Ill'U('pSS wa!' 1'<'I)('at('(1.

(iv) '1'11<' l'('Hllhillg dntu from pach titHillg Htaliull was ~;llIuutl1('(lllsiug (li!' Htall-
rlanl Jll'o("',hu'(I, ill unlor to 1'<'11\(1\'(1 liroadeninn, Ihlls l'('\'Pllliug nuy small
lanunur flow ('hallg<'H, Tho (lE.ta waH 1101 ('01'1'('('(1(1 Iur optical (lhi(ol'tiolli
t·IJi:; wns 1)1'('1\111'(' onlv lli(l lituillg lulonuntlou was of intorost, nut tho nu-
moricnl value of 111(1\'('!udty, Till' rlut II was tlu-n uormalis«! wltl: 1'l'sl)('('1
to tho Ilowrate (IlH'i\Ht\l'('(lllsillg Ill<' Ilowuu« ('1'), Again. this uonnulisation
WitS with 1'l'sl)('('1 to all Hl'hitl'1ln' datum, the lllaguilll(l<\ of tIl!' l'('lillltaut
plot 1)(1ing unimpurtant,

(v) Frum (ladl smoot 11('(1 awl U<ll'lll,lli:,I'<l t l'Il('l', t 11<'first point ul' drvint ion
was icil'lltUh'(\IlHiug a graphkal I"ph,('tioll Ill'(J('I'(lltn" TIIII;; jill' ('<I('ll thuinu
HIal lou, twelve t.imillg values \\'('1'<' i<ipulili(l(1.

Twolvo HPpHmlP runs \\'(')'(1 ('olltltH,t('(1 [)('1' statioll hl'('<tll:-ip Ill(' incoptiou point
sI1O\\'(·(\ all iunat« ~('nt ((II', III 1',<'lH'ral I II(' ~p('d!i(' ~happ or t 11<'1l('rtlll'l iut inn

WIIS n'quiI't'([ that tilt' luuuulnrv IIIVI'I' hI' Ht'I'Il1iltt'b' Im\'('r~('I[ hi 1l{(I!'1' til (ll'l('ftnilu'
)l1'Il[l('I'I,\' tilt' wall position- hl'l' ,('('lilll1 ;,:1.



CIUJl'l'BH,'{, BX1'Bm.UI~N'I:U, m::"iULT8 • "l~I,()(,ITY 1'IWFILBS' 1a7

Parallel development

The t('~t was initi t('(1 at tiltH' t '''' 2 ;;('('OUtiH (to nllnw HUl!iI'i('llt HuH' for till'
rank Jll'!'S~lll'f' 10 Imil" up): thus all (tata i:-; (Jfl~('1 h~' this uiuouut from zuro,
For \·al'ly timo» (2, t',;i i'P('OlHls) thl' prolil!'s (I(lwlop awav Irmu lit(' top-hut
('OIHIHioll at ilH'('lJtiou; that is tlH' boumlnrv layer rlimousiou il1('l'!',II'(,S wit h it

('OlTPi'iIHJlH1illAiU('l'pasp ill dimousioules« ('Pllln'lhll' vplodt~·, 'l'lu- nat urr of this
devolopiuout is uuuh like that ;;('Pll ill impulsively i'iI'al'!p(1 pip I' (,1I1I'al1('(' Ilow«.
At aho!'t ;i i'i('('owls, bOUll(lilr~' la,v('l' (lP\'(')O)llllf'llt halts, 'I'hi« tlmo ('OI'l'I'l'lHllI(b
to that at which l':p illipt Iront n'ildH'~ rlu- lU('uslll'iul'. stutiou, 01' iu otlu-r w(mhi
til!' thuo at wldch uou-pumllol ('jr!'('I~ bl'l\i1l to orr-ur. Tit!' dl1ll!!,,1' to til!' 1I0ll-

pal'alll'lrc"',i1ul' (h'('\Il'S I'arl~' at t hi:-;pnrtirulnr HIat ion dill' I(l lis proxilllit,v lot lit'
pipp inlet. uml 1I('('I1I1SPof this, t h(, bmnularv h\~'pl' t'l'luaillS relat iVl'I,\' thiu.

I~ml'I\ll('('flow

Bp!\\'('PI\ !i iUIII nhou ao S('('OIlt);; t hI' llnw shows IhI' 111111:-<11<11nviul of hound-
al'~' layl'! IhiHllill~',. All hough i'ilighl ill tilL, inst aW'p. !II!' 1101111111\\',\'Inver I ril('pH
show all iU('l'l'i\l'i(1 ill \'Plodty, ;\'o! obvious ill t hiH Hl\lIl'!'. hut Ohlil'l'vahh', h; it

eonnuousumt« <I('l'l'p1\;;(1in dluu-usiouless ('PlItrl'iilu' velority, Ilict al 1'(\ hy 1I0w
('OllS(Il'val ion urguments, TIt(, 1'1'(111<11()\~'a n I a t hilllll'l' houn, larv layl'l' is III1IS!

d('<ll'i,v (1I'lllOllstrnl('11 hy tIll' 1I'!\('(' lall!'lh·t1 (1): al !j S('('OlHIH this fran' b; rleurlv
within thl' boundary hl~'(lt' l'Ill',ioll. wh('l'l'(lS h,\' :In W('UIIII:; its \'(llodl,\! valu« has
virtllally uttulned iiII' ('Plltr('linl' vulur again, Fii\tll'I' 1',2 show« HC'h,(,t('t\ 11'iH'('~i
fwmligl1l'P ~.1KIIIl!'I'illll)[I~('(1 to show tlWH!, tt'('llIl;:" lhb ligm'p C'1l'(I('tiv(lb' 1'(1]>1'1'"

HPllfH It vlow of Ihe tlat a ill ligm'(' 1',1 ill a 1!it't'('1 io» i~i:"Hll"l In 1Il!' uulinl (I'll?)
uxls, with hOIlU' II'iU'('S Olllittl'tllin' duritv,

'I'ho (l<'('l'l'a!'1' ill ('('utI'plhll' \'(Ilod!~ (uud silllllltau!'O!H,ly f h(l ill('l'!'i\S!' in till'
I!O\lIHIltl'Y hWl't' wlol'ily) iH ri(,lll'ly ovhlont 1i!'1'!', Thi» 1'(1\'(1\,iOll iH 1',I'Hllllai awl
uullonu 1)('1\\'('1'11til!' 1illl!'s ii alii I :lO i'iP!'OllIIK, :-:!lIIH' \\'Hvill(':-H I" «vlrlout ill till'
two 11()IlIH1i11'Y 1ay('1' 11'i\('I'H ill f his l',mgp, nud t hi,; ii's!11' i!" nddI'I'NK!'(1 in sor+iou ~,:I,

'I'lu- \('lodl~' dntu huvo \J!'I'1l I'aillplpt\ \,l'l'~' ('OiII'Sl'l:\' • ill !H'tW(,(lli () ,j awl 1 III.
• in ()l'd!'1' to "how til,. prulil« tll'v('loplII('1l1 d('al'l,v, '1'1111;;~lll'~'ii1'\ l1ul sul: al lit'
lor (lplllOl1l'tratill~ IIII' nut uro Ill' till,illl\ of thp Ilow lm ukdown. Il,.\,'(,\,!'l'. flip

i1lt'I'I'l\S(' ill mnpliuul« of 111(1 Iluct n. t ious ill the' 11()1I11dal'~' la,""t Il'i\('(" [(1) ilwl
(:!)j ill figll\'(' H,2 lin' th!' I'!'gioll nft!'!' af) f'(,('OIU\;;. iwlirn!I' ....till' 1I1'('I'I'Il"(' of tltis
1>1'1'111,(10\"11, '1'11(' llow showillg this truusit inn b iudirat (1(1hy I It(' 1I1'P;( htiH'lll,tI
(:!) illli)I\Il'!' 1'1,1. 'I'll!' ('OI'I'!'S}H1ll(lilll\ ('!'Iltl'!'lilll' Ilow III Ihh; tillll' l'!'lllahli'i 11111)('\'·
11Il'1H'tI, 'l'he lhUowillf', dlllpt(,1' will jill'wi !'ifll'dli('all~' 1)11 Ill!' Il'allsiljoll, awl to
Ihi~ pwl will !'llIplo,\' optilllilll~' ll\'o(,!,,,,i!'cl dutil,



uppeudix B. '1'111'('hapl,,!' Iirst (liSI'IlSSI'S ill dl'lail (iata Iron: a l'!'pl't's!'ulativp
It's\.; Ilala iuost tmill'lj to this wns that lrmn tho tl'~t FXPH. rhl'I'I' prolil« 1I11'a·
"11l'l'llll'lIts \\'('1'1' ('OW lun PIt Ior Ihi" 1('~t: (Jill' IIl'a1' Ih" inlot Ht .1'/U 1:Ui!l, (JW'
iutl'l'llH'(liatl' stutiou ut ,I'/R -ll.tll , whilo 1111' Iurtlu-nnost rlownstreun; 111(';1-

sun-mout srntiou was at ,1'/U ~JO.:-d. nl'lII'ral dml'lII'll'ristit's of till' data art'
(li~e'w'K('d, tllI'n'ahl'l" variabilitv ai-i!'-ot'iat I'd wit h t h« illl!'1 is mrutiuucd, drnwiun
on I'i!H·(·itk instuu: I'S oj' tltl' 'lata ill 01'<11'1' to ilItt~ll'atl' tIll' plll'IlCJllll'Uil. Filially
t Ill' limit iug lu-huvlnnr of till' I'Xllt'l'illll'ut nt ion at low a(,(,I'}t'rat ions is »1(':0-('111I'll.

8.2 Typical evolutiou of tho velocity profiles

Th« datu )H'I'sl'lltP(\ ill tIll' Iollowlnn 1'('('liou b, lIfl 1Il('lltiolll'd, from tIll' I('!,t
F'XPB, a tul I'lIlhe)! lip" t hI' I~PIl('I'it' pOi t 1l'l'Ils 1)1' How lu-hnviour ;;1'1'11experiment all,\',
This S('('(jOl1 tllllilt;('l'\'I';; as it Iunun ttl introduc« tIll' t',I'IlI'l'<\! tlo\\' Il('llil\'iolll'; 1110t'I'
(,X('l'p(iuual HUll romplox lu-lmvionr is (lis('I1~;;('dlun-r ill tIll' rhaplr-r,

8.2.1 Tho flowvariation nNU' the inlet

TIll' stution FBa was thl' iurthvrmos; njl~ll'l'altl prulilo till' this (('st.; its axial
p ,t<iti(lU h('ill!~ ,1'/R :;::la.(iU. Vl'!ol'ity prolilo: wer« l'Xll'i\('{I't! at (,lIch s('c'ollll for
«arlv I illl('S, 111<' illC't'{'llll'ltt itlCT('Il~i Ill.( !()Iwn ,,",('('(JIlds I (1\\'111'<)1'1I hI' I'ud of lIu' t 1....1.
FigHt'(· ~.1 :,!tOW:-i 1111's\' )lrolill's plotll't1 as it Hl1l'J;U'P.
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Fil\lln' H.l: NUl'1ualisl't1 \'C'llldl~' jll'olib: Illl' thl' lp~t FB:{ (,I'/U l:l.(J!ll,l'!'IH'!'"
s!'lItl'lI as 1\ h1l1'l'ill'C'.



Chapter 8

Experimental results -
velocity profiles

TIll' (lx)lI'l'iIw'lltnl vclorltv prulil« 1>'''1l1h ohtilil.!'ll ilt'I' 111(';'('11[('11in thi,; dHlptl'l'.

()Ill~' tIll' prolil« !I,ltll IIl'tjllh'I't! Iruru t lu: l'''l)('l'illll'llt an' r"i\'(lll 111'1'1',11l'(l('('''NI'II
ill H('('ollIIllU'(' wit It !lit, 1I1l'!huclolog v dt';;l'I'illl't1 ill ! Ill' pn-vluus dli\p! 1'1' TIll'
hlahilily awl JUI'l'plioll t1'hl\lIl-1 an- dh4'1l",,(111 ill !Ill' I'nllowiu)\ dlillll·r· rhnpn-r II.

8.1 Methodology of' prosontntion

Till' llll'itllfl of 1l!'!luil'illl\ t h(' dill a 11l1' all !\\'('h'(, !I'i'ilii WI\:, (lpI.nilll'll ill till' pre-
vlou« dmptl'l' (hl'(' 1i/\III'1' 7.;'). For I'llI'll tl'~,I. aPPlm:ituHt('I,\' lIu'!'(' lliolib; \\'('n'
lIH'llslll't'(I, uuo a~ do:w to thl' inlet liS \)(I~Kihh', und till' otli('I'H 1'\,!'IlI~' H!ill'.f\I'l'\·(1 in
th« rlowustroum dil'l'l'tiol1. All tho IIt'oli1!'!' \\'I'l'!, llo1'1llalhw(1 luuh ill domain HIl(1
l'Illlg!'; thl' illlh'lH'wh'ut \'Hl'iabh' \Va" ,. C [O,ll, whil« tl\(, \'l'1(ld!~' WitH lII11'lllali:'I'(1
wit II I'I'HI)('('! 10 till' mean ,'plud!,'"

\'l'l(!d\~'Jll'Olilt'H WI'II' ext rat'll't! at ollt' 01' two w('Ollt! lnt t'l'\'i\IH at 1'1It'1l Ht al jolt.
FI'OI11 t I1l'hl' prolill''' varinn« t1t'liwt\ quuur it it,~.Wl'l't' hlit'l'l'I'!I; fill' ill~tall('(' t\b,
plan'l1It'HI t hidml'~ii'iHIltI \'Pludl,\' !1l'lllilt· shap!' pill'illll!'( ('1'1 I'tlllhi tH' ('X( l'iterl'd
lroru tlll'~1' \'('lod(~' pl'(lfih'''' Till' Ht'~'llohh, 1IH111bl'r wa;, H\'ailahlf' dip,ctl,\' Irum
thl' Ilow un-tr-r, IlPlh'P (hI' !llOlilt'" ruuld hv 1J1l1'lIlillb,·t! without Ih!' 1I1'1'1';,hil,\' III
I':,tl'lld tlu'ir at'llln!llll'all "t'!odtv .. \11 t lu- prolilo dalil Irmu 1111till' (pi'll" l'hu\\'l't\
\'I'I'~' similar Iu-linv iuur , For (lIh 11'<1;',11\( oulv II'lll'I'H'lItatiVl' pro!il("" ,\l'I' ",iw\I
1I1'l'1';ill ))ill'[ ivulnr Ilal it Ihit! cl!'pit-I;; lIIW'( dl'arl~' ruuuuuu !II' ilJlp01'I nut i't'allu'pN
ill t Ill' :i~·Ht!'ln. ('011\'('1':4,,1\', sl al illll~ ;,!tm\'illl\ nnlqu« lu'hil\'iolll' Hn' nl"ll }>1(':;1'111pel
ill (!I'lail. \\'111'1'(' lH·t'I'~'inl'~" 1'I'lh!'IH'1' '" utilll!' ttl I hI' run da,il :,I'! r untuintxl ill

, l'j'hi" tvnn h Il'f"IIl'd (II 11I'1",lfh'r ',11111'1",I', IIII' "hill'" lliU,lIIl1'tt'f, l'Ilt h nut III h,' I uurlN'l1
with tht' itlPlllit'illl\' 1IiIlIlt'III',lI,IUIt'!t'1 i1li"III1'. rtulll thl' von !\illlllilU l'"hllhlll'.I'III1I1i1b'h!, ... f IIll'
IlIIlIIul,\\'\' 1,\\,1'1'

1:1;'



tliidmp~s. TIH' ('xlra!'!!'(l ,.dlll'S \\'1'1'1' in the c'ot'l'l't'l llil1ll'll~i()lIlc'''M f01'1lI to rulcu-
laiC' /loIn and ,c,'. Fil'"tly thl' ('l'lltll'Iilll' voku-itv (;.11) wus alreu.lv ill th" ('on'('('l
Iorm to lit' U",f'(\lo lil'lilll' tit" !li~jllat'('llll'llt IltkkllP~S· ("Illation (7.11); ~I'('()lldly

t ht' '.lu11)(1panuuotor ('CH11,1hI' tlil'('('i lv ('\'aI1lat"rI from \ hI' oxt !'iU'tI'l! ~loJl(' as

('i,lIi)

7.7 Summary

'1'11(' tl'~tll1l', IllpthOtloItlg~' auul uu-tho.l of data I'l'()('t'''~,illl\ \\'1'11' tlIlflilll'll ill (l"tail
ill I lib !'Ita}>! ('r. 'I'h« various 1'~;Jloll"lIt iul 110\\'1'<11I'~ of I Itl' I ,,~t,; \\'1'1'1' lidill('t1
all (I t hI' llll'llllH 01' nli!',lIlJll'UI of tin' 1.1)\" wi: h I lu- rill wus 11i'1('1I~~1'11.Followiur:
this. lilt' nu-thud of ohlaiuiug both till' Vl'lodl~' prulilo rlata, arul IItl' point of
llnw bl'l'al:tlowu, \\'l'l'I' giwll. Fln.dlv, (hc' lIo\\'ulpt 1'1' ria t it \\,iI~' I'alibml ('<I. it tul
urvnrat (' I'~tilllal inn 01 t IH' Ilowrat I' varint iOll fill' t hI' t I',il N W,IS t 11111'1(lbt ailll'! I.
'l'he foUowiul\ two dmptc'I'H l'('~'lll'('li\'('b' niw lit" l'I'l'UItM lor Ihl' \'I'lodl~' prulil«
1lIl'IlSIIl'!'1I11'1l1 aut! sllbsl 111\"111Ilow 111'l'ak(lo\\'ll; litsl ill dmpt(ll' ~ tIll' llt'!llil(' Ilat.\
al'l' 1'110\\,11. alit I 1111'11tIll' illl'I'pt ion iulonuatlou an- niVl'll ill ('Impl (II' D.



CILU''['W? t. FJNJ[. TESTISU ssn n\'l~\ PIW( 'DSSISC; laa

This iii (iliA pnH'I'(11Il'1' was opt iuuuu 1'01' t 1u' I'xll'al't ion of t hI' 1111'0111flow l'al I' (in-
(('gl'ill quuutttv), hilt :vic'I(\l'd pOOl' l'I'~'l!ltswhen 11;0('(110 lulor IIIP wall }.Iwill' ~,In':-;'"
t(\C'l'i\'atiVl' quuntitv). Fol' this 1'1',t:OIl a 11I'('('I'dlll'l' was lit'\'l'lol)('(1 slll'('ilkall,\' 10

I'xt1'a1'1 I11i~pnrunu-t ('1', alOIl1'. wit II t lu- I'l'llln'lilll' \"(,\Ildl~'(If I lu- prulil«, To oil·
tuiu all at'('nrall' appl'OXilllatill1l 10 thl' wall sh!';)!' :-II'I'~~, it low onl!'1' [qltiulli\tk)
pulvnourin] wa« filtl'cI to (1II1,\' till' wall l!'l\io(l 011111' buuudurv lavrr. 10'1111111'1'·
mor«, lIt" iii \\'il~ 1/tII flll'('I,(t III Pil~" thronnh thl' iuti'1'1'l'd position of 1111'wall.
'1'111' low unlt'l' ('llinhilll'(1 with ll') ('nIOlI'('lIU'l1l of the' lunuulury ('OIl(liliolls n'-
snit I'll ill a (,Ill'\'!, wh(l,,1' ~I(lpl' ar('Ill'al p)~' 1'0110\\'1'(\ Ihat of t lu- I'xpl'l'iull'1l1 ill (lal a,
'1'111'l'I'Uln'lilll' poiut was 1'\'alllall'(1 ill 11IIIdi Ihe' ,';,1I1U' war: il liul',Il' km,I';"lllill'l';,
[il WWi nuul« Ihl'llll!',1t a liiuir«! 1I"',ioll olf ln- ('Oil' tlow, alit! lilt' value at lilt,
iUIl'I'H('I'tioll PI' t lii« lhu: with Ihl' \'Prtit'al (\,I'I(ldl~'l axt" \\',1,. tukou a" th!' ('('IIIt'l"
IiiII' \'l'llll'it~" Figltl'!' i,:m ~h()\\'~ un « ., ,Ill' ol' IWII ~I'I~ Ill' point« III-I'll 10 iii till'
hnuudarv 101.\'1'1awl ('('Illl'dillt' appl'uxilllal iou: to .i \'(·Iod!\' prnlil«,
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Fh~IIl'(' i.:!(J: TIlt, OlPl'l'Uxhuat I' )I0illt;i 1I~I'd to I'xl I'IlI'I IhI' wall (\l'l'i\,ill lvo ntul
1'I'llll'l'liIH' \'I'\odl~' Iroiu a 1l!11'lttali~i('11 \'Plodl,\' lHOU}!': (u), poilll:. \l>wlllo lilll\

IhI' wall Ih'l'i\'.lli\'!': (h), point lI~iI'c110 lit'II'\'IIliw' I!II' ('l'llll'l'lilll' \'('Iol'il,\',

A~ Ihl' plOlitl'~ hall hl'I'1I 1I01'malh.1'11 h",h iu mdiwi uml volorltv, Ih(' :,Io)ll' al
IhI' w,II1 Bud l'l'llll'l'!htl' \'allll':, I'xnil'" ('d ,Ii)(IVI' \\'1'1'1'abo UOIl' c1illh'w·iollal. TIll'
1'l'lItl'l'lill!' \'l'lol'ity \'1\1111'\\'a~ l,;itUIII\' Ihi' dil!II'll:,illlllc'~;s valu«

II, (i,1 I)

[dll]ilr, 1
U [dl/l
/' dr • II •

(i.l:i)

'I'll!' dl't'h'aliw lit t III' Willi \\w' t't'!)lIil'l'(1 til (akulall' I hI' ,\/111111' Illllfllllt'lf'I', whit!'
fhl' !I'1l11'l'lilll' \'"lul' wu» 1II'I'dl'd to «valnut« till' hn IIIII11II'\' luver dbpllll'l'llll'lll



7.0.2 Velocity profile shapo parameter

Whilt· nil' ,IHlim'('llll'llt I)d, kill'''''' j,.. all iut ('I',ral da~,"ili('i\t iou, I ln- ~.hapl' punuu-
1'!I'1' or :"(0",.. (i!l'<:i) i;<;<illlJl!~' till' dluu-u-louh--« dl'li\'aliw 1)1' till' \1'11Il'i1~'prolih:
at th" Ilipl' wall, It "all 11('.Idill,'cl a"

(7.12)

with r", till' Willi ~.llt'ill' ~,Il'''~,'.illul/I thc' rlvunml« \'i~"w,il\', 'l'he Willi -heur ~,11H'~'

is ill il»l'lf ",iwlI 1,,\' 1". . /1 [.Ir"] , Ihl1~ ('i.1:!1 C'illl hI' »illll,)ilil'cliu vh-kl
" , tt

..,. . "U [till]
U ( , ilr, I Ii

(;',1:1)

III thv }ll'lh.l'llt runtvxt , whon till' wllldt\ pll,liI,'''' ill' uunuali-txl radiallv III 11il'
I~\II,·,(, !II,I], uml wlu-n- I lit' "'I'I()I'iI~' llils hpl'lI lIIi\l!I' llU1Hlillll':l:-jtlllil) iuc'onlilll'.
III t hI' uusm ''I'O~li''li''I't ioual \'I'itH'it v 1'. 1111' ,..hapI' Pill'ilt:l"t PI' is :-.illlply ,.,
=.) ... [dill with II «tt' uud I' rtu.

IN .• tlr I' •

Tit" ·;ltapl· paruuu-n-r \'atil's fW11I vahu- iulinltv wl,l'n' IIII' lnnuulurv hl~'I'1 ap-
)H'()fII'lIl'S ~\('I'(I Ihid\ll('~;:l. 10 iL ",Ihll' of ('il~hl l'OI'lI'S)HIII(liug 10 iI (lill'l\holil' \'I'hll'"

i1~'}Il'1llill" II 1'1111abo h(, 1I~t'11 HIlI'('I'~"rllll:.' III 1(1Ii1l1ti.l.'y II whol .. 1'i1l1r',1' Ill' llwlill'H
with llhaJlI'~; 111111'('"Jlllillll'II' IhilllJHlI'illl11lk, illdllt)illl'.llllllill'~' with Il..,~ali\'(' }l1'1':;'
sur« !',1'lltlit'lIIS, SUi'll }ll'olih's run ha\'(' :-<hil1>1111a\1I1l11'!('l'1i uuvwhcr« ill I hI' l'all!',('
S ,H • ,"', Prolih-s wit II ,..,', II ill fal't show llow I'l·\'{"l:.al OIl Ih(' \\'0111. Bllt h
(lis)llill'I'1ll1'1l1 Iltid\lll'~'~ alltl Hlta!,I' 11iI1'i\WI'11'1' \\'1'I'! , !'I'i1clil,\' uv.rilnbh: Innu Ihl'
I'XIl('l'iulI'llt III Ilat u, Hut al>b' Iunu , ho rurv« IiII illl~ 11I'm'1'lltHI' 10 III' IInl lined ill
SI'('I lou i,n,a ln-low. A" allI'X)IPl'itlll'l InlllOli1t's \\'1'11' ucnuuli-rrl, 1IIIIh 11;11'01111-
('11111; 1'lIlllel hI' ('XI !'a('It't) dh'('('II\'. with III 11'11'1'1'111'1' f [l llukl \'h,m"it,\' III' (II lu-r
paruuu-t 1'1'1', 'I'his 1'1Ii'I'1iwl~' olhuin, I(,t) : IIUlTI':< of ('1'101' Iunn IIII' I'xl 1til'l inn
11I'U('I':,", JII'l'laillilll', III I III' (1,,(I'I'lllilml ion of 1'1111')1lluid prllp!'!'1 il'~i, 11111'11'slilll~I,\',
Ihl'lIlIly Il'lillltit~' (liI'PI'lh' 11('11I'llcl"llt ou i lu- lluul ,'bl'Il'iil\' wm; Ill(' HI'\'lII1ItIH
muuber.

7.0.3 V('locit,y 11l'oLl1('curve litting

\'I'IIII'it~' prlllil,,:, ita(IIII'1'1i 1Illl'lllilli~I'cl with 1I·,..p"c'l 10 t lu-lr l'I'm,:·~('c'lillnill un-nu
,'('IIlI'1! it'" in ,,(It'l ion 7,:i,:i, Tim" Ihi' pltllih'" Ih"l1l'"(\'(''' flo:.~!,,,,,t'd il IIlI'HII ITO"",

S('I'liullal \'('llldl~' (If uultv Tit!' 1I11'an ITO,.""I'rlillllal vi-loritv wn« f'XIl'iH'II'c1
1'1'11111Ihl' \'I'IOI'it,\' Ill'Illill';; ill order to l'Illihl'il I' Ihll fllI\\'l1:I'I('I', 'l'h« ('\11'\,(' littillg
Pl'tll'C'lltn'l' I'lIIplll~'t',1 111,,1'1' ":."t( iI polvuutui»] lit III IIII' Plllh'l' houmlurv laver,
marrh«! 10 it 10\\'1'1' (lnlt'l I>llIVlllllni,lllill' IIII' ('Ill'p lluw.



or (i,ll1) i:-< ('XPilll(h'cl uml the' u-suurpt ion i~nuul« that powr-rs ill ". are Il('!~lil'.ihll'
('Olllllal'('cl to IIII' Ilil)(' l'a(lil'~I~. thi-n tlu- linenr Ionu h('('(Illl('~

(i,111

'I'hv I'ljllatillll (i,lll is "(Ittivait'llt 10 ~il~'illl'.lhal t h« houudarv lavor ill thl' pipl'·
\\,11('11 t !titl run II(' 'unrnlled' illlll,lp(ll'Uxilllal 1'1\ h~' a lIal pial I' l)(lllllClilr~' 1,1\'1'1',

Ah IUlllP.1t equutlou (;,11 \ i~ HoI plt~'~ikall\' C'XiI!'! WIIl"1 I hI' h01I111lill',\' la~'l'l' I hil'k
I'IIS, litis pn'sl'llb, 110 }ll'llhll'llI:i ill t ho vunvut ruutrxt fill' i\ 1I1l1111,t'1' of I'I'HSOIl:"

FiwII,\'. tlu- ciisplarl'IlU'1I1 I Lid:IlI':.:; is -huplv il C'OU\'I'Uil'lll'P nurmuotor an~·\\'il~·.
thus an upproximutiou to dlt' PXiH'1 Il<il'illuptl'l' ill thl' Ill'PH'Il1 (oUI('XI would
nut holel i\ll~' diH;l!\\'i\llta)',t's. !'ill IOllg as Ih(' allpl'Oxilllal(' pa!'alllt'tt'l' was hilll'.lt·
valued fill' all pip!' houndurv 1;:~'l'rs. and III!' :tPPl'OXiIllHI(' 11<11'<11111'11'1'(,l'l'lililll~'

is, S{'('olully, nuv pill'aillplc'l' Ihal (111.1111ilit'd t hi' l.oundurv la,'I'1' ill all inl('I',I'nl
:i('US(' would hav« II )111'equallv well h('II': Ih(' lli:4pla('('m('ll! IHll'all1l'll'l' was l'llmH'll

ill it ially uulv bp('allSI' Ill' il ~ rounnou lI;.al'.('. Fillall~ .. t hI' dillSI'll approxiuru inn
(lOt'S IIl'(,Ollll' ('XliI'I ill t hI' limit Ii:; III!' humulurv layl'\' t1isIIJll)('illl', which ullows
dlnx-t compurlsou III Ilut-plnt« lxnuulnrv laver rosulrs ill this limit, Auotlu-r
illt I'n'sl illg [pallll'l' or I III' displil('l'llll'lll I hkklll'~S (hul h I'xad 0111,1npproxinnuo),
j:; Ihat it is (1l'llI'lHh'lll oulv IlII IIll' t1iuu'll:-iollll'ss ('I'III1'('lim' voloritv, 'I'hux Ih('
('('lllrdhll' veloritv 1l00'11I.llis(,t1 wit It l'I'sl)('I'1 to 1hI' llll'all flow }';If, is ill fm" 1111
I'tl\1i\ll~' vulld lH1'allS of <!l\i1I1Ii1\'iu~~ t ht' lunuulurv lil~'t'l' in n ,liP", HOW('Vl'I" lor
I hp prcsont III\I'Ptl,;P~ IhI' (\ispla('('llll'lIl Ihidoll'ss as Ilh'l'lI by (i .111 will bo \I:il'(\
ills 1I'ad. Jll'itllal'i!~' h('I'a\1~1' il I'l'lall':-< dir('('1 l~' to 1hI' bouurlurv la~'t'l' t hkklll':<S it-
:wlf. lnu also h('!'all~1' it allows dhrvt t'olJ1pari!'illll 10 houndnrv laver 1'l'SI.its Iruiu
01 her ('OIlII'XIS,

TIL(' ('l'lIll'l'lil1(' 1I1l\\' is 01l!~' reullv ,Iwild ;Olt;; lot lit' f1't,1' sl roam flow when I hI'
bouudarv Inver is Ihill: Ihal h, \\'111'11t hI' llow i"ilill }l0>i:-.(';;SI'Si\ ('I'IlIl'a1 ('01'1' n'I',ioll,
\\')[('11 IIIP IlIllllltlal'~'('lrl,t'IS }l1'I'V;It\t· Ih,' ('ulil'l' pipl'H, Ih(' rt'lltl'l'lill1' \'('I()dl~' is
110 lonuor t hI' ill1Hlo1\llt' Ill' IhI' fn·I'·~'ll'l'il1ll voloeltv, nud Ihns hut h ('XiiI'( and a}!-
pl'md1l1ltt (I (lttJhlil iOllfl uf thl' llisplac'PlIlI'U! thit-kIlI'S;; ('l'n~;1' to hnv« all~' flh,ll,~i(,f/l
Illl·alliuf',. III IIll' light of IIll' di:'I·Il~'''itlll a IIll\'(' D ('ClIlI'('I'Uitll', t hv plt~'sic-al ('ol'!'I'('I"
IlI'~S of Ihb pnnu i11'1 1'1' ' hllt'h .1 phvsh:nl iuvuli.litv is of Ill) I'OIlS('qlll'!iI'(', hull'l'£\
a pltmhnlk Vl'luri1r }ll'ofilc' I)(I"~I'~;;I'," a c1b}llm'l'ulI'llt lllit'klll'coS or b' / U .~0,2;',
hilt I hit, 11111111)('1' is shuJI),\' it [1011',.(111'1rh: dm'~'llil'H1i{l11 or I his prnlil« TIH' ('111irv
clillil'llit\' i~~a'lllillliit', 1'1'lnlilll', 10 Ihl' \\'Ill'11 till:J/f/C'I'IIIr'1I1 Ih/("!IIf"~'~ ltsoll,
C'-,-"'",-'··""_"",···,, ,.-

I'Surl! an 1I"~lIIllptjllll i~ tuntumoun: tn hil\'illl\ thut thl' Ilhplal'('UIt'ut Ihidm(,~!i i~ murh
:.lIlillhol' (11lI1I tlu- IIiI" r.uliu».

I 'A h 'cill nill'i,jtlll h~' whirh til jllll",1' th,' dhill'llI'ill.lll('1' IIf it ('nn' flu\\' b III 1II11'lIh'r wlu-n
cl'l' :1'I'IUld 1\lIli hil\llI'l' cll'l'iv.,liI'I'" IIf thl' vclmitv prulih- ht'lIIl\1l'!ilfl\I' ut tho 1'('ultc'fiIlP, Wln-n
t hi>; IhIJlPt'U~, il hllplil'" I hill 1111'prllm!' iI; 1111111111',1'1'JIIII Ilt'ill' I lu ('C'IIIft',
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1/

Fi~\Il'(1 i,l!J: TIll' .lcllultiou of till' bouudury laver cliHpla(,l'llu'lll thidw(,HH. TIl!'
Ilows !'I')llt's('ut('(1 hy Iho two xluult-rl ill'('as (/ -, /) -. r: •. rl uiul (/ -. /) ._ C' - f lin'
oqual

III Ihl' routrxt of n plunar hunndurv laver, Fist Ill' fl'I'I',,~ll'l'alll \'('l{)dt~', lIlHI !III'
(liHpitV'l'llH'lll thidwpss ". is dolhu-d snrh t hat Ih(' two 1'1'I\iOllS II ,- II '" (' -- rI utul
II ~!J -- r: - f luw« ('qnallll'('HS, illlplyiug thai t h(' Ilow mil' ill t..(' houudnry layor -
a('ros,; Ih(' It'uAlh (/._ f - is equal to Iho equivalent muss 1I0w ral(' at Iroo-strcutn
volor ity H('I'OSS Ihi' illtl'rfa('(' II - d. III t hI' hOlllldary IayC'1' ()('I'mrill~ ill a pip('
however, t he dclinition must bo modilied to tuke into urrunut the ilxisyullUl'try,
III thh; latter context tho mll~s flow rail' ill tho bumulury laver is not Sil.lply
proportlounl tn tho a1'(,,1 under Ihl' ('111'\'(' hut is mt1H'1' tho (llHllltil,~'

quI'::: 211' r'I'II(I')dl',iu (i,!J)

whore l' is (It'lilu'(l H"l r ::J H - II awl 11(1') is IIll' volocltv vnrlutlon ill til{' pipo.
Tln- quantitv oquivnlout 10 1111' fl'l'l' st romn voloeltv in it plpo is till' ('l'llt!'I'Iilll'
voloclty, This is howevor oulv st l'k! Iy phvslcallv valid \\'111'11 I II!' lunu.dury lnyer
is thin: Ihnt is, WIU'll Ihl' Ilow ('Illll-!~ts of it houudnry IaYI'!' plu« woll-delluod ('01'1'

l'l'giOll. lT~hl~~ (hI' uhov« t'otH'!'llls alollA with t'qllatioll (i,O), thp t1isJlIH('Pllll'llt
Ihkkw'ss ill II Jlipt' run ht' t1!'liIlPtl exnrt ly HI'I

(;,10)

with I' tlu- lIH'a1~ ('WsS'l-('( 'jollaJ veloritv uivou hv l' ,.; ~',,'/I 1'1I(1'\t/1' /I, th(',', . /I. , 11 ",
pip!' ('!'llll't'litH' \'t'lol'il~" mul n tilt' pipt' l'Iuli 111'1 , Jo:qllalioll (;,11)) is quudrntlr
ill b', not nllowhu; dil't'('1 evaluntion til' tIll' qllal1lil~', Au upproxiuiution l'illl 1,1'
lIuIIII' to Ih!' ('(pmliou· vnlid n~ (,•. ~. n , Iiut'arisiu1\ if .uul thus ullowint; (lilt'('1

vvnluntlou of thl' dlspluroment Ihidmn;s, H Ihl' quudrat ir till tilt' left-hand slcll'
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7.5,5 Velocity profile normalisation

Although t 11<'velocity prolik-s \\'1'1'1' 110\\ nou-dlmousioual in nuliu», till' wlodty
was stlll dimeusiounl. It was dpddl'(l to normuliso euch exporimourul 11111lilo
using Ill(' I1lI'IIU l'l'OSS':'wl'! ioual volovitv oht ahuxl from t hI' cnllbrat«! Ilow m«(1'1'
dnt a, As II rl'Hllit all I hI' jll'OlilpS had it iuvan l'l'O~i'i·s('('1 ional veloritv of uultv,
nnd 111<'Ilowrnte infonuutiou WilS ('oulailll'd onlv in 1lu- ('01'1'('('11'(1 dala Irmu
tl1<' Ilowmot ('1', Thus, alt IlOlIf~h all III<' Ilowra! (';oioht aitH'd J,~. inn-uut ion \\'Pl'I'
110.;(,(1for r-nlihrutiug til!' Ilowruotor, til(' SII<'('p:-;sof this l'alihrathll: "h\'iatl'd till'
Upl'(1 10 1Is(' tho illl<'gmll'd data dirvrtlv to dl'lpl'llliul' Ill!' Ilowrau- Ill' Hp,\'lWhls
1l1IlHIl('l'. TIll' uoruiallsatiou nuulo (lin·(·t ('Olllparhiolls IH'IWl'l'll dill"l'l'llt \'1'10("

ltv profiles possible: Jlrolill'~ diff'tol'iul!, only ill mngnitud« would lu- idont irnl ill
Ihl' unnunlisor] Irnmvwork, All tilt' «xporuuournl wlodty prolill's wl'rp l'I'(\1I(,1'(1
to this normulised form, allowil1~~ g('ul'l'al rmnpnrisuu 1)('I\\'pl'u Il'st data, TIt(·
full velocity prolil« awl ot h, .. }'(';Hllt:; an' Pl'l'sI'Ht('d ill 111('followuu; chapter ~
chuptcr H.

7.6 Derived qunncitios

WhilC' till' cousklerntton of the full voloeltv prolilo varintlon ill thu« within the
pip I' is oluridntlug, IhI' oxmu-tlou of quantltntlv« parauwtl·l's for aC('lU'all' <It··
tonuinutlou of t IH' 1lH'IlSlll'pcI Ilow variation is Jll'l'haps more useful. Two dl'l'iw<i
I>m'(\II1<'t('),HW('l'I' ('ousi(\('l'<'<i ill HII' current routoxt: Iirst lv t \1(' dlmonsionless
hml1Hlary layl'l' <iispln(,l'lll(,lll !hidw('HS b* IH, whos« dolini hill run \)(' fOI1lHI ill
unv dl'llH'ut.nl'Y Iluhl uirvluuiir» text book [(',A, Schlkhf ing (Hli'!J}j; S(·('olldly. Ill<'
(1iIllpllSiouIc'1is wail SIl('llr Htl'l':-<:; or /I('/c)('iill 11mjik .~h(lJ){' llU1'lIl11l'1t'/', as C\C'IiIlI'(\
by Moss (l!Jl:'\G), Bnt l; thp:;1' torms gi\'C' it clue to IIll' structure of thl' b.nuulnrv
lnvor, Thl'ltispia('I'llIl'ut (hiekn<'\'I:; is au illic'!11'1l1.1if..:(' <llIau!Hit'al ion of t Iw 110\\11(\-
nl'~' la,\'('1' thirkuess, wlu-ron» till' shapl' parametor ~'id(\s ,fllli'n'lI/jlll lnlonuat lou
Iroiu U('aI' thl' wall. B('('llnsl' of thr riill'('l'('ut 1I<\t.lI1'('Sof t hI'S(' two fart ors, two
ludopoudeut rhunu-; Nisnt iom: of t hI' hounr lal'Y Ill~'l'r sl1011l<11)(' providC'\ I by their
l1Sl',

7.6,1 Displacement thickness

'I'll!' rlisplarvmont t hidoJ('ss is II qunntilicn I ion of IIH' <Il'tldl ill f hI' llUISS flow
('llllSI·<I hy Ihe prl'lil'll('1' of IhI' honudt.rv hl~'l'r. Silllpb' ~1l('akillg. if f llC'bouudnrv
la),(11'woro to hyp()lh(·!il'all~' rlisuppour, mul thv l'lltil't' wlol'ify lielrl was to as·
sumo till' vnlu« of thl' fill' stremn Ilow, thou till' ll1il,;S flow would iUI'l'('HI'P <illl' to
Ih« ('X('PSS llow lllijacl'lll III IIIP wall, The llisplacl'IUpUI Ihidml'ss \\'0111<1Ilu-u ht'
thl' thit-lUl('ss of till' Ilukl laypl' ut IhI' wall thnt woukl huv« to 1)(' ('lo:!'}lult'd frOIH

1.1l<'hvpotlu« lrul Ilow 10 Pl1S1ll't' t ho snmo lUllS'; flow raIl' Ill' whou 1hI' l!ollllllal',\'
liI~'('l' \\'I\S Jll'P;oit'UI. 'l'his qnautity is shown dingrallliltkally ill figll!'!' i,l!J.
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Data Irom thc Ilowmoror was sampl«] at JOO IIx, TIll' raw <lata from tllp Ilowmo-
I('1' was smoothed using tIll' saiu« prorrxluro as nspd Ior I Itl' LDV truces, I'x(,ppl
the normal (and not \\'Pii~ltfl'(I) moau aIHI standard devintlou nlgorithms \\'1'1'('

pluplo),p(l; Ill!' smoothed data was smupk-rl al 10 IIz, Sll!oothjn~\ was IlP{'pS-
snrv hl'('illlSI' 111('Ilowiuetor <lata sh(J\\'PIIl'iOllIP s('alll'l" I'sIH'ciall,\' for 111(' lower
Ilowrates. Till' distrihutiou of thl' <lata about til<' nu-an wa..; unnunl, r('\'('alill~
till' sent tor 10 1)(, Il'IIP rnudom uolso, thus a\"l'l'agin~ 01' smoot lring of I!;" data
was ('lltil't'ly valid, The upp-mlix A rourains au Pl'I'or nnnlvsis of tltl' flowmeter
datu,

Duo to oxpr-rimeutul uurert aint iI'S niH I uon-liueuritv ill t hI' valve s\,sl Pill, 1 hI'
flow vnrlariou all uined {Iitl Hot ('XiI('1lv mut ch t ho ('Xpl'('1 I'd variation shown in
I he fig1ll'l's. Tho dosl'sl mat dlilll~ ('III'\T..; urv t ho!-I' giwll ill figlll'l' i,Hi. III t I.is
Iiguro tIll' I'X1)(·duwnl ill dill It is virtually illt list ingnishubl« Irmu 111(' pnxllcted
JIo\\' varintion. TIll' onlv notirrnbh- dis(')'I'IHIlU'Y ill I his 1il!,Il1'P WilS 1-01'('11ut I Ill'
upper oud of Iht' flo\" ,'111'\'1':;, TIll' clt'\'iat ions al !h!' 111>1)('1' I'lld \\"('1'1' (',\lIS('(!
hy a stl'()ll~ uou-limaritv ill t 11<' coutrol \,0\1\'('. l'<'SIII I iu!-\ ill t hI' rontrol sysl Pill
1lI1<1!'I'-('OlUll('lIsalill~ at thu! pnlut, III Iltp followiun two 1i1~Il1'(,s (fig1ll'l's i,li un.'
i,lH). dovlutlou» \\'t'l'l' :;lightb' IUOI'!' III 11'1\1'd: ill hot.h st'tK of t('~ls tit!' iuitial
('xpprillll'lli nl HI'Yllolds UIllII}!I't' did llol lila trh t lu- pn'(lid I'd value, hili IIt!' rlut 11
ronvorgerl tlH·l'l'al'll'l'. TItI')'!' was it problem mnint niuiin; all a('('IIl'1I1I' hupnlslv«
hllll'l while still H\'oitliug overshoot. For IIII' hi!~lu'l' H!'~'lltllds numbers that tlt!'s!'
Iwo 1i~Ill'('s port 1'It,\', undershoot was unavoidnhle A Iurt IH'I' ag).\raml iug Iartur
was thl' Im'gl' l'aIlAI' of H!'Ylw!<Is 1I11111hl'l',;('o\'('l'l'd hy tho tt'st, FI'I'(lImd, ('01111'01

pal'alll{'tpl'H thai \\,<'I't' optiuuuu fol' thl' llIid-raug!' of the flow l'I'su1l1'11 ill shllr,~ish
behaviour ut sturt-np, Jl ,','\'('1' opliluisillg pnnuuotrrs Ior stnrt-up ro-ulted ill
oscillntiou» at higlH'l' H('Yllohls iunnlu-r«,

Althounh Ilit' nrtunl llow ('\\1'\'(')0( ditl (ll'viah' Iron: IhI' I'XPI'('{I'(\ vuluos, tlwit·
variation throughout I hI' I'IlUV,1' W,IS smoot h, 'I'his 1\110\\'1'(1 I hI'S!' data to IH'
npproximat I'd ns low onlor « i) polvnominls, t litis nllowiug st t'digh! forward
<'xt nu-t lou of <IN'ivat iv« and 01hoi Iulonuat lou iI, F1Il'1lu-nnun-, iglloriug hist orv
l'iI'l'(,ts, it was lIot I'xt rcmolv ituportunt I hal I he il('1uu] How variat ion lullow III('
11l'I'S('l'ilwd flow I'XIlt'I lv, so loug a:-: Ill<' urt uul varlutluu Ill' ('liP I 11l'I'd Clll'l'('('t ly,
Fsillf\ t hI' rurvo iii till[\ upproueb, til(' SIUIHJ: hiug of IhI' dut a t!I''''('I'iIH'd ahovo
was ill I'm'l 1101 1I<'I'I'SSal'~',A 1'111'\'<' iiI 10 t lu- 1I11SllIOoIIH'(1 datu ~'iI'l<lPcl r('1-01I1Is
iudh-tillgllishahll' 1'1'0111 Ilu' «urv« Iit 10 t lu- smootlu-d Ilow variatlou, A ~1'1l1'ral
polynomial IiiIiug 1'0111iu« WIIS rhoson OWl" IiI\' illsl HII('P, au ('xI)(lIu'11! ial (111<',

1i1'Htb' IW('HIISP I hI' Ionnor was I'<'il(lil.\' nvailnhl« ill Mntluh • Ihl' <'lI\'il'l'illlll'ut ill
which !hI' <lala wns 11I'O('l'ssl'ti • uml :-;1'('Oll(ll~', to avoid hiashl1\ I III' datil ill illI~'
)ll'('('OIH't'i\'l'l! IIIIIIIII!'!',

lIT\utI\\,!t'1!1\1' (If lIlt' f!oww!t, t!t'tl\'.Ui\", d(J/d1 will lu- imp utuut ill t lu- lun-r aual.\'~is (If t hr
Iluw.
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Figuro i.17: '1'11('variutiou of t ho llH'aSUl'{'(1 Royuold» 1l111ulH'l'with time, for t.ll!'
tl'Hln: (I), FXPAj (2), FXPBi (:1), FXPC: (1), F:\PD: -". " ('xppctl'!i varlation,
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Figuro 7.11': Tho varlatiou of tlH' uionsur«: Rovnokl» muuber with t imo, Ior
tho \.pst·H: (I), (;X1>A: (2), C1XPB: (a), (lXP(,: (,1), (;XP1): - .. ''', (\XP(l('(\d

variation: , actunl variation.
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durat.on was of tht' order of ,10 s, Thus wit li .Y ~ ,1000 .nul 1111' maxinnun
clp"iatiollU' /11 == 2%, tIl(' lit Itndard error was iusinuiticnut at nhout ().(ll%, Error
ill the' flow 1111'aS111'1'1111'l1t was thus lll'~lil!,ihll' au.l t Ill' \'al'iaJ,i1it~· of 2';' which
applied to Ih( outir« rulibrat.inn Pl'O('I'"S was rhus t akou as til!' muxinnun 1'l'l'01'

ill the Ilowrnte. Using tit!' Htt!'d data, nll t lu- 1I0\\' ral(' l'('a(liup;s Ior all til!' Il'sls
\\'('1'(' ('Ol'l'l'("{'(l appropriately, 'I'll!' oxpcriuu-ut.rl d;lta iu Iigurrs i,Hi to 'j II'{ was
already ('alibm!!',l iH'C'ol'(lill~ to tit!' rlat it nhov«

7.S.''! Flowrate variation with time

'1'11(' dos('cl loop Ilow control of t II!' rig W'11I'mt!'d flows which dos('l? 1l1lPI'()xi-
mated thos!' giWll hy oquntlon (7,1), Dependent Oil thp values of Ill(' constnuts
Reo and k, tho Ilow control was aliln to match to It gl'('at('l' or I(,Hs!'!' dc')!;l'('!' til!'
chosen !low variation. DiHt :11('1 \'uhll's of t hl'H(, coust ants wit hill t hI' l'aug(' of
mnxinnun a('('l1l'i\('y W('I'(' dlOS!'lllU, ,:llC'h that this raIH\C' WilK aclC'(jllat P!~'('OWI'(,( l.
The I'X})(I('tC'<1 variatinn (If t h(' H{'~'llOh!H 11111111)(>1'wi! It HI\H' for ('il('h I ('sl is shown
ill figm'('s i, Hi, i,17 aile! i,ll'l helow. SIlII('riIllIHls('(1 Oil t l1(1s('1i,..;Ill'C's is shown Iho
nrtunl Ilow variation. Eadl Iiguro I'l'Pl'C'H"llts a spl of I('stH with tIlt' sillll(' initi"l
Revuokl« uuiubor R('u,

40000
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100

Figmc· i.Hi: The variation of I lu- llH'm:lU'(,cl HI'Yllolds 1I1l111IH'l' wit h 1hue, Ior
Ih<' t('sts: (I). EXIlE; (:.!), EXl'F: (:1), EXP(~; (.1), IlXPA; • (lxp('('tl'c1

variation: • uctunl v.u'iat ion.

"~I'iA;;~;l~·;i~~::;J;;ll,;;.71;;:~~~;;;~~t' of th,' ri!-\was Ilt'lt'rmiu('11hv multifuriuns farlor~, surh
aH tho rontrnl valve rt"P'" ','\'''!c'llI momentum, ,UlII flll\\'ull'tl'r rt'spOllhl'. TIll' ~,\'!;tl'lIl lilli'
luul un inhvront 1'1llW' 00 ulon in whieh Ih(' svstvms' TI'Sl)(IIlM' was HIlIlil'i('UII,\' dUM' 10 till'
input siAllal (th" rhOSI'll tl",r vnrinrion) This l'i\l\!\l' was rlin-rtlv ilsl'fihahlt, to t lu-« 'unnt«
llmltutlon« of till' indlvklual "lllll[llllll'llt"
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Furf.ln-r ('\,hlt'lI('I' lin tlw 1l1l1H'('('('pli\'il~' of tlil' Ilow to thl' low fn'(I1H'IIl'~' \\'i1\'I'~
is n·\'l'a!c·(1 b~' I'(llh;ilh'rill!\ thl' .uupliuul« of Ihl'~1' \\,<1\,1'" awl thr- l'<uhsl'ljl1l'lIt
uatun- of I II!' I ruusit iou. III till' prl'~l'l1t 11"'1. I I'all~it ion 1)('("111'1' 11101'1' 01' Ic'~"
ill:,tallll\lI!'IlIl~I,\' 1'\'l'i'~'whl'n' lu rh« 1'111mill' I' OIl about I iO ;.1'1'011(1-;,111\1 thl' ('11,

vlroiuuont (ill 1I'1'I11s r-f t II!' waviur-« I is \,01...1lv difl1'1'('111 11('1\\'('1'11 1Ill' lar-upst 1'1'01111
:'lnlioH;; uud tllll;'(' far (IO\\'w'll'palll, TIll' l'I',tl ol'iJ,'ualo!',. (If Ihl' t ruu-it iun pror-e-e-
wlu-t hl'l' linear wa\,!';.; aiuplilu« I ill till' 1·lIll'.IIlI'P. IiIIi I I' a mplitud« 11i,,1 ItI halll'I'"

l'Oll\'I'I't ('II ill I hrllllf',1: I Ill' inlet, 01 it I'ollihillatioll of Lol h " illl' !il;c,l\' 10 IH' uiurh

suiuller t liun III!' wh''!',Ic'" ,,('('II ill t lu: 11(1\\', bul al the' ('OITI'('I, 1'(,l'l'llli\'(' h'I'(IUI'IH'\'

10 iurluc« t rau-it iou. TIll' d('ll'l'Iuiualillll III tilt' "llI'(llal 1'01111'11101' Ill!' llnw
1111111111' Illilf'.llitllt!1' (It t lio hadW.I'Oll11tl t1btl,l'balll'l' i" l'ollsich'l'l't1 ill 11!'lail ill th«
Iollowhu: s('('1 lou.

8.4 The level of flnitn amplitude disturbnucos

All IhI' Ilala usrrl nut il now (1l11"i,,1 I'd (II 01' \\'il~ ext 1'011'1I'd Irun: :.11,(101 lux] \'('Iol'il\"

t hili' I 1'il('I'~, Till' ~Ill(lot hill, \ 111'111'1"S 1'1'11I1l\'I'cl I I", IIII!' 11Ia I ill'~ hb',Il-1tl'qlll'lll'~'
l'Ollll)()IU'llt Iroiu III!' Il'ill'I";, II'~lIltill~\ ill "1lI1lo111 \'al'i;:lious (II' I Ill' \'!'Iol'ilr with

t hUI' IlI'iug 11I'1'~I'lltl·(1. TIll' \'I,I1I!'}1 or IIII' slllOOlllill1'. P:tI':tIlIl'll'n' \\'1'11' ~'I't 11111'11
t hut tIll' hi)"h rl'l'qlll'llt'~' 1'lIt'(111' (If Ihl' hln-r \\'01:' aPJll'm.:illlHll'h' :i 11.', Ihal h.,
I'I'I'qll('Il!'i('s alm\'!' :i lIz \\'1 n' 1'I'1II0\,I·tl 1'1'11111Ilit' ~il',ll:tl.

II i~ \\'1'11 known that I hI' II1'I',,1'11!'1' of Iiuirr-umplitud« t1bllll'liawl", 111 it Ilow hOI"
a prnluuud ('IIi'I,t uti t luu 1I0w'" slahilil~' lx-huviour [1'1'. 111'1'111'1'1 (HISS)], 'lu t hh
('1111 it \\,:t~ lit'rilh'll 10 itl\,(I~li1',i111' tlu' h'wl alii I nutun- uf Ihv lillitl'-'llllplillllll'
Jllll'! nrhat iou ... }In'''( III ill till' pip I' Iluw, 'l'hr Ll)V h; uufun unnt I'I~' uot 1\11 itll'al
IIt'\ irl' fnr 1ll1'm;lII'illf', porturluuiou llla1'.llillllll', hl'l'OlIN' il h. ,',lIl1i('I'1 10 II Iunv
lil1'lIl,. of si,\tlal Ill'IHldl'ltiul\ whlrl, l'illl imit i\11' 'lid:;I" t nrhuh-un-, This nat IIII'
01' Ill(' U)V sigllal waH tlh;('ttsHl'd ill d('tail ill dH1JlI('1' a. ,\~ a 1'1':'l1lt or th(IIW

lhuir al ious, it \\'a~i tll'l'idl'll I(}I'lill:ill,ll (I ,I" murh ,I:. pll~"ihll' IhI' l<o1tI'l'I'~ Ill' Ihl';'I'
1'11'1'('ts ill IIH' Hpl 1'11':11 ll1t'a~'ll'l'llIl'll' '"

To 1'1'1110\'1' IhI' ah()\'(' luuit al Inn, awl III ~i111I,lil\' I Ill' ('llllllli1lisllIl 11('1\\'1'('11 Il'sl~,

il waH 111'{'i(ll'd 10 III('a"'I1I'1' I hI' tlblllrh:tlll'l' iut I'Il}iit~' oulv 011 Ill!' l'I'III1'P1illl' pusi-
tiun 111'011' IhI' lulot. ~l[l'asttrl'llll"'! or 1111' i'IH'l'lral I'h.ll'ill'It'l'i~tk;, hl'll' Wil" lWIIl1'
Jll'llual'i1~' )JPI'allw t hi!' pniut \\'<1" tIll' Ill'sl indirntum 0[' I hI' luuat I' h'\'I'1 or di:;IIIl"

Imlll'l' ('(IIl\'!'I'!t'lllhl'OIlI',h I III' inlet. Two 1~'IH'"of llH'i1"IllI'llll'1l1 \\'1'1'1' llladl of I hI'
SllIilll I list 111'1mlll'l's: Iir,..t Iy I III' ('l;I,,:-.kal '" ,11111111111(' 111/1 1I,~tI/I \\'ilii l'xll',iI'fI'l I ,I" a

11l1'i1"\l1'1' or IIII' !'I'o"" tli~llIrlliln('1' llWr',IIi1 \IIII', ~1'1'olllll~' I III' [11111'1 " '/,1111'11111 \\'il',

Illl'astlrl'll ill unler tlll'.iw nn iudicuuou of IhI' hl'qll!'lll'\' l'idll\l' or Ihl' 1"'l'lmbil

tious, llll~'lllllllthl'd mul IIl1lilt!'l'I·t1 T.)l\' dala \\'1'1'1' w.l'dlm' IIII' 1l11'i1,,11I'1'1I11'1I1~
ill all l'aSI'''', '1'\\'1'1\'1' wlol'iI,\'·1 iiu« Il'ill''''' \". i I' ill\'l'i.1 h'"ll I'd ill lot ill, ('on I'iilllllld,

illl'. to 1111' Illo"t IIp,,ll'l'illlll'l'llll'l'lilll' 1l1I',I';'il'I'llH'1l1 lur 1111' twi-lv« t1ill'I'I'I'1l1 1t"'lii

l'olldHI'II'11.
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Fi",IIl't' N,HI: \'1'111' il v 1"lIlilt·~. !tll' IIII' In·1 11,\.1 (.!'!Ii :I~.!l!ll. I'I'Pl't'~'I'llt 1'1I il" i\

~illl'filt'I"

8,3.3 Non-rocoptlvlty to Ow flow wnvlnoss

Tit!' Pl'I'SI'IlI'11 or 1011'/\1' ()~('illatillll'; ill I ln- hast' 1I1l\\' rouhl 111'1,11;1'11a~l l'vI'lltnal
l'illl~( I'llI'I rausit inn, 11,\'virt III' 01'1hI' 'hllilt"atllplil IIlh" ('Il','il'llllllll'lll I hev iiuplv.
lIll\\'('\,('l' I lit' 1'''lll'rilllPIlI ill p\'itll'lll'p poinl}; 10 their 1I1l1 a !('('tilll', IhI' II'ilIlHil iun
(If 111<'flow to unv lal'JW PX'I'II1. Whill' tIll' ovrutuul tI'au:oil lou aJulI)}.1 ('I'l'lniuly
tal;('s plat,t, ill it lillill"nlilplilllllt· ('II\"il'OIlIlH'IlI, I hI' 1'1Il1't'1I1 \\'i\\I'~i fil'1'1l1 til Ill'
not or t lu- ril',hl Ih'qlll'IH'~' Itl tll':-.1ahiJil'l' I hI' 1I1l\\,: IhI' \\,il\'hll'H~i ill Ihi' l'ilW or
tIl(' tt'st llX P.\ is ut iU'IPIl'lIdl'" \\,(,11 1111111'1'1 Ilz, \\,111'11'01'.IhI' 1I't'I'pl ive Ih'·

111l1'1l1',Vof I Ill' JWIIIl! lnrv liI,\'1'I wuult] Ill' I'XII('I'I 1'1I to Ill' illlPl'oxillliLll'ly 11111:'1' ,If
t hI' OI'j'·Solluw·r1HtI llllll II"" ;\s iI qnkl, lin ler ,of, Illal',uil IIIIt· Ilru-nuinat ion of
(1I('l;(' fl'!'III11'IWh·", III" 1i'HIlilil,\' 11':.1111>< IiI!' 1111' I<ll'ad\' 1'lIll'Hw,t' 1111\\' (If .\ bl1111 .\.
!\fw.,. (l!l!Ll) run lit' W,P" Wi II 1',nid,,1 III'll', al I hI' iuhuuuuu rl'ilil'ill jloilll IIH'
\\'a\'('llIlllllll'l' alii! c'l'll'1'il~' III' Ihc· 1110;.1 Ilw,labh· IlIlIch· an' tl ~,:.!OIi. I', '1I.l:i~.
whll« I Ill' nil k, I HC'~'Il(lhh n.unlu-r h. UI[l'Iit j l11i1ii. TIll' 1I'IIlp0l'iti l'1'!'l!n(,IlI'V
(ill lll'rtzl Ill' Ihl' 1110;.1 lIw,lahh' t1h.11lI'ltall!l' iH ",i\'PII II\'

f (1'<,1 )

\\'111'1'1' R b Ih!' pip!' nulii. '. 'Iud I' j.. Ihl' Idlll'lllalir \'h,l'o:,it\', which fur wator
at :.!:i" (. i~I' !l,S!I:.!"'I . 10 II 1l1~I~.,FilI'I III' ('nlle'1l1 "altll'" 1',1\,(,11ilhow. till'
nil kal rl'!'(}II!'IlI'~'hi fllTi! i IOU11;', 'I'hu- !lu- \\'iwill!',,;, tlifI'!'\':; ill hl'qlll'llI'~'
Iroiu till' n'll'jlli\'1' l'illl,',1' Ill' Ihl·How 0\' 1\\'1l onlt'l'>o of 1IH11',llilllllt'

l'I'hl' 1,111'1',l>lill\'"I" will '.hllll' Ih.ll Ih,' !>11'.I,I\' ,1.1111111\ IlI'h,I\llIlIf i•.d"",· tu that II! lilt'
illll·!c·l.ltilll\ [luw.
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Ill' I'xll'iu,!t'li 1.1>\' nu-au-Ilow Ililt,l. hilt Wil~ ~1l"PI'I,tl'(1 to 1)('llI'P"Pl1t;! in t lu- Ilow,
\\'hall'\'pl' I lit' ll('t ual ( illl~1' 01' till' 11111·\·1'11111':-.... its 1111';,('11('1' ill I Ill' put raur« Iluw,
hi 111<11"1;1'11. hi ('OUll'iI~I IIII' Jlill'alh'l Ill'wlll(JUH'1l1 !,p)',ioll I:!' I, ~tl ;"('1'01111,,)

is ).1ill smooth 011111 I'I'I',lIlal', 'I'his illlli("III'11 I hal I hi' 11111'\'1'11111':';"i~ UIII a ,·,I'O:-':C;
lU.I:-<:dlllw 1'11'1'('1. :,hul' il will abo Itil\'!' 111'('111'\ idl'lIl ill I Ill' lIill'al"'1 llow had il
lux-u ,.11, 'l'hi- wavv lu-liaviour 01 I Ill' flow i" 01:, 1lt'lo1'l' of il r.uukuu 11011111'1': I hI'
iI,.,.l'lllhh· III' Irill'I'S ill t lu- 1i1'.1I1'1' ,III 1101 1f'lllP"Plll 11111';..itw.iP ,·,Iuhal 'Hlilp"hllt'
(If I lu- 110\\', .\11 Iril('I''; ill I hI' Ihiuuiur; Il'giol1 u-maiu III uII('lI~ l.uuinur, TItI'
W'WitH';":; h, in thl ..."a~p ill 1111' hl'l' "I 1I'il II I llow ;'1111111111'1' lnuuularv 101\'1'1': llow
iu-nr till' wull n-main itw. ,,"111111h, 'I'hl« j" a ,.11'11111\ iudiuu ion Ihat IIII' \\i\\'illf':''''

b lIul it bouud.uv laWI' p!tI'UIlIIII'1I011, Th« IlIln!r'I' 11I'1\\I'C'1l IIII' Pill'illlt'l aud
t hiuuhu, polliow. of till' llow i:; 1!li1l1.l'd !I\' it ,Ii:.fill( I l'iti:'.I', ilHlimll,d h,' (1) ill
I III' lil',lIl'l', 1'1'Olih,s ilUIIIl'(liatl'b' llll 1'1' I Iii,. I ill),,1' "how '1 Ilhtill1'l I\' 10\\'1'1' "l'lIll't'lilll'

\'('llIdl~', 011111(11)',11 till' lunm-ltuv laver (h'\'I'lllJlIllI'1I1 n'llIoIill': Illlllblmlll'tl. 'I'hv
l'itll~I' h. I Ill' ,:11 ('al)l'd 1'1I11..IW·I' 11111111' ,,('I'll ill t lu- III lu-r 11'·.h: if,; :,1nil!!', 1'1'1':.1'111'1'

HItI1111I' iun-u-irv 111'1111' :.1Ih,.I'(l1l1'lIl v.n iahilitv '.1'1'111 III ",II hilwl ill luunl.

III lilt' lil',hl III thl·lli:.('\I!".illlll'IIII1'('llIillg 1111' IIlhl'l' 1111\\':: (i'I't,tillll~ i'<,~,l allli ~,:!,:!
al)()wl. Iltl' l!i\lhuar!.:; III Ih,' ,'XllOlll'lIli.11 ill'll'lt'l'Htillll ill'l' ",lilI t'\'hle'1I1 Ijl';,pill'

Ihl' :-.11'11111'.1I11,'llIalillll', ill Iii" I!II\\', Fill' ill:.talll'I', HI 011,111111 ill :"1'1'111111:< ill
tIll' ('1II1l'1I1 1i)'.lIlt,. 1IIIIIIIIIill.\'la\·I'I' bll'ill;(IIIWII ('W'III'''' II" 111'1'111(', h'illlilll~ III " Iullv
1111'111111'111 Illlllilt· hy 1111' ('1111111" 1111'11',,1, '1'111' 1~I'IIl'1'ill ',ll"1l1'tlll'l' IIf I hh. "1'1'011,1111\\'11
pheuouu-uou h. hlt'lIlil'ill III f hill '1'1'11 ill li1'.IllI':; ,"',:1 .uul x.t", 'l'hu« t11':'11ih' I Ill'
lil1'I',(' 11l1l'I'I'Iailllit'~ ill IhI' rlatu, it 1'0111 Ill' ~.lI1TI':".rllll~' illl!·I)lI'l·II't1n:.hll', IIII' ,.;11111'
ilpJlWill It a:.. Iwliul', ill'i.pitl' IIII' nuuluuuu-«, 1111' IIII\\' IlI'ha\'I';' 11I'1',lklahh' 111

110 71111111: lurrln-nuor« t hI' 1 nuu-iriou pll('1I111l11'1H1 ,.I·I'lIIH I"!IIUIIII'II'i\' 11nn-la I 1'(1 Ill.

OIlIIllIIlill(l'l'lI'll !I~'I lu- \\"Whll',..!'<, '1 hI' \\'i\\'illl';'" iu IIII' indlvldual tr.\I·I". :-'1'('1111'11
III lI"II~IIi1\' ,I!i il )l1'01\II',.:.."d (1u\\II••trcum. ()h!<I'I\,i1tillll Ill" dutu Iuuu ;1 Iunhor
np';II'palll stut inn It.\,1 al J!o;.itioll ,1"/U :tUI!l. ",in'lI ill 1il',III'I'!'\,l!l . attl':.h
III Ihb, III Ihi,. lip, IIn' 1111' wavhu-« \\W' n';,llkl"t\ 1I'lIIll1l1',t1h' III Ihl' )I'l',ioll
ah(11I1 1)1l' II'ilW,ilillll puiut 1,..1\\'1'('11 p.u alh-l ilwl tliillllitll', 1I0\\', ,11111 "patiall\' 1o
II!!' 01111'1' 1,,11\1' Ill' 1111' hlllllldal~' 101\'1'1'. '1'hl'II' \\',1" 1111\\"'\'('1' ~,liIl it lid!'.I' 1'11':.11111
11I'(\\"'Pll IllI':·;1' lIllw}; , Ihll' 'lllill' Illolmhl\' III I hI' 1':-\;11'1 lIallln' III till' »iurt-up
iIIlI,ul:;I', ~ro,,1 or I hI' hlll'l' thiuuhu. 1'1'1',illll ill I hi» (';1',(' \\';111 ahlln:,1 ('lIl11pII'II'I\'
llHII('rllll'llI't1, urul tIll' Il'all~lIillll 1'11"11111111'111111\\'a~. 11111"dl'illl\' vi-ibl«,

Ft,l' Ihl' 1'111'1'1'11111",1 t 11:'\1'.\ I, I'lllli1«' 1lI1',1'.IlII'IlII'IIt:. at 11\"1' ,lilll'l"l'lIt iI:'>i,11:.tatioll';

\\'1'1'(' ('01111111'11'.1 iu totul. '1'111' ;lPIlt'Il(lix ll routuiu» lilt' 01111'1' 1111'1'" (Iala' IL\II.
11.\1 Hilt! II.\K,",i\'l'1l il'; 1iI',IlI'(':' 11.:1:1,11,:11 i1Il1IILlfi 1l':'PII'Ih'I'I~', '1'111,:.1' lala
1!c',II'b' «how IIII' plll~l.n':,:;i\'l' illl'II',I',I' illllhll',llilllllr'llllltl' w,I\'iw"" t!1l\\'W,II'I',llll.

"" \\'1'11 ;1'< IIII' rrau-lriou 10 I 111t.1Ih'II1 IIII\\' Ill\\;\I'}:. till' 1'11(1111 IIII' I{':.t,

'TIll!' \\'.1', IIlh'III',1 hI' ,1111'1111'11111',11111"1OIII"J,'[.I!tllll',th,lll IIXI',\. IIII' rc",tllt 111'1111',\I',ihl"
),,111"1IIIIIh \\01\'1':' III II", 1111111111''''(' 1I'IIil FI\lI 111'11111111' till'" I "I",I'I\',lllIllI III rill' '"lIn,,1 \,Ih'"

11111111,,11".1 11:\1',\ ,,1111\\"11 il In 101' ',1111;1111',,.III',hll\' IIIWilll(o. !Ill' 1,1l1 .. f IIII' 11".1
ITIII" hll',II,IIII\\'III" 111111l1l'11'1\" ",I',I! ,111\\,1111,111'.1111111 \" \1111 Iu- "III'\llIllIlh"llI'XI 1",11111'1.

till' 111111'(I"'o11 •• lowu rnl I Ill' 11",1 IIXI'.\ 111'1\111"11.1111111,1 ',UIlIlIr,ln"IIII"!\' "\I'I\,\\"hl'l" \\1111111 IIII'
"lIn,UIII'
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H:.illg rollllll'(";~(,11 ail' 10 Ihi\'!' a hlll~1' 1',\'lillill'l' altadu'd 10 the valve 1I('l'dh'·aIHI·
~I'ill a1'l'Hll!~C'llll'l1t. This ail' ('~'lillfh'l' had a l'aUI',!' of "'I'lodl iI's' • I iUII' rat (Osof
1'1101111',(' of vulvr- po"itioll " O\'!'I' which I lIP out put 1l10\'PIH('1l1 WilS "tHool h. ,\1 low
mit's of valv« IIIH'uiul;. !lu' ~(,illill~\ illT.1I11',('llll'ut nl t:w I'IH'IIlUatk ph-loll ('illl",('d

"I kldll(':<s. n'~1I1t illl~ ill 1111(,\'('111110\'('1111'111 Ill' 1111' pi~llllI. a III I <I" a It'SHIt [orkv
valv« opl'lIili!\, 'I'his problein \\'01" 1hOIlI,,1.t I II II!' IIU' priuuuv (',111',(, of pnot llow
holuwiunr at low i\1'I'l'lt'I',lt iun«,

TIll' ('''llIllll'llliall<halll' (If t!." l'P(luh'('(IIIII\\'I'all' nnw \\,lIl'~l'lI('11 till' I'lh'('1 of IIIP
:;1 id;y valve. All (lXlllll1l'UI ial 1I0\\' 1'1'(1 IIit ('S low init lul nrrvlvr.u iun, 1'01111\\'('( I h~'
itll'l'l'il~.illl~ rall':. of ill,(,l'iI'l'oItillll. '1'1111;,uuv ",I}\,I' 'jl'r1;illl'"'' Wit:, 1110:.1 likvlv 10
(1('1'111' at tlIP 1)('1'.illllilll~ (If thl' 1(,,,1. \\'il('l1 \'"h'I' illl'l'!t'I'i\tillll>; \\'t'll' al Il,pit'lo\\'·
(",I. If 1Ill' 1I0\\' ,~Iart-lip (ollitl bl' 1'11',1111'11 III Ill' '·lIl1i,.jI'IIII\' ~1II11()t I" 1In-n IllI'
n'lllailltll'l' 01 I hI' 11',1 inv.u ialdv rvmaim-rl ;,Il, Tili" \",1\'1' pru'lle'lIl 1'1'.;11111'11ill a
~h'JlJlc·tlllll\nilll' varluriun, a~ t!lI' \'al\'!' ulu-ruatt-lv ~,llld; "lid IIII'll :.lippl'cl. 'I'lu-
!lI'I':.C'W'P of Iltb !<il\\,ololltit \\'01\'1' luul a plul;l1lwll'lt'('('1 1111 tIll' Ilow, 1',I'IlI'l,lliu)',

\',Il'iahlt' HIIII \\'il\'~' \'I'ln('it~· prolilr'" \\'"dlll'!'" ht'I'lIl1'e1 10 h(1 ,II',I',I',I\'oIlc'll 11.\' IllI'
low m't'pIt'I'al lou itH·ll', bl'I',lma' I III' ~I ilbm,it,,~ 1'1l('1'I.i or (It,(,pjt'l'al lou \\'('1'1' 1.\111111,·
tallc'ulI~b'lllillillli:"'tL .\ 1',lllllllh'IlII1I1:<II'Hliull of Ihl'l'lIi'l'I Ill' Ihl' low i\1'I'11!t'\'alhlll
h. t lu I('~I llXPA. 'l'hl» 1t',1 11s1'1111H' lowl':.t HlTI'II'I.ttiulI "aim' 1:,1'1' Ii",nl'l' 7.1ti
1111pill\!' 1:!Ii), anrl Ihl' wlllril~' prnlilo 1I':,nll h Irum I hI' 111lI\'1l..;11'1'.1111~.tal ion <11'1'

showu ill li",1Il'1' S.!l.
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Fi",II),;' S,!): :o.:lIl11nli!Ol'd vt-lmitv plOlik, luI' till' It".1 1I,\<i \,If If
I t'PII',,('1l1 1'1I".;il '-111'1',11'1',

'I'hv 11l'1l!i11'"-howu ill liI',lilt , '1,!1 \\'1'11' Illl'il',ll1l'll ill ,,"iill :,t.tI ion ,1'/ n 11:1.:i7,
'I'ho 1\11('\'1'11111':;:.Ill' I lit' llow \',11 iii I ion \\",:, lIllI (lj,;I'Pl'llihl .. iu -it IlI'l' IIll' HIlWIIII'II'I'



To illustrut« thl' 1'01l\'('('lioll of Ill!' bmup, ligllH' ~,i'\ Id\'l's a s('l'il'S of \'('Iodl~'-
time truro», (lill'h Irom (Hm'I'I'IlI axial stut iuns ill Ill<' 1<',,( FXPD. and Hhowill~~ils
«volutlou. Althnunh tl.1' datn in Illi~ fil\lIl'l' is not from a ~illl~h' {(')'it, mi ...itll\ tlt('
'.am« olt j(I('t ions (,Oll(" -ruiiu; rlnssilirnt ion of all I'l'I'al k phl'1l01UI'1l01l as 1I11'lltilllH'( 1
111 tlH' 11l'I'\'i(l1Is dliljl!t'i" Iht' 1~,('lll'l'allll'wlojlllll'lll 11'1'11<1 i~ still evklent.
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Fil\1II'(' H.<l: TllI'lh'wloplIl(llll of I II<'out ralH'(, 'bump' with nxlul position, lor I he'
t I'sl EXIlE. TIt(' dot II'll lin« shows t hI' upproxituat« hH'lI~ of Ih(' iull'l hlllll!),

'I'his ('olllpo;;il l' Will4 I'OUl'-ll'IH'II'c1 from t l'ilI'('" showhu, IIII' 1;\1'1\<,,,,1lllil!',lIi I IIIIt'
'butups'. Till' vvolutiou or this ~lrll('tlll'l' was vorv :;illlilar 10 nIH' ~,I'l'1l ill II "l'l'h'~1
of ('~qll'l'illll'IlI:, ('oucllll'(',1 hy \roo(l : l'}!ll), ill whh-Ii axi;.i~'lIIl1lpll'k difil1ll'halln';.i
\\'1'1'(' illt)'()(IIl('(·(1 lutn all itllllllbi\'('l,\' :,1ill I I'd pipl' Iluw lI:-iul\ au il'j:.;.diaphI'UI',lll
1Ilt'('hallisllI III Ihal l'illlll~.. hlll'.(' i'jlilliilll,\' luvulisorl luurinnr ,;II'IIl'IIIl'I'~; 1)('I':-.i~tl'r1
fa I' I Im\" I~t t'I'HIII of I hI' diNtlll'buu('(' 1'.I'IH'I'alol" Hill I dl'wlo}l('d it11!I'IH'Il1 lout lv of
I Ill' '('al'l'il'l" ha~(I flow. II ('illl bt' t'l('i\l'I~'1-'('(111 thut thl' liltl'l' llnw hn-alulown (al
allllnt (ill -:('('olllb) i:; IlIll'platt'(1 10 IIIP illipl lnuup,

~.a.2 Plows at low uccolorntlona

'1'1'1' I\\'pl\'(' Ip~;b l'ill'li('<1 0111 l'ilUI·.1'11(1\'1'1' n nuuilu-r Ill' pxpoIIl'uti,,1 ill'c'pI.'ralioll":
111l'~I' \'.'1'\'1' 1\1\'1'11 ill I hI' proviuu« I'hapt('I', 'I'lu-ir l'il1l~'.1'\\'il~ limit I'd h~' IhI' }lh~':-;kal
I'hill'H('I('l'i~1 irs of I h(' I'Xll('l'illI('1I1 ill appill'ill W., A I I hI' high ;1I'('('!c'I'al ion I'llt!. ,Ill'
n'~iIH)Il~;1' of IhI' Ilow ('01111'01 apjlill'alll:' wI II limit alto\,!, \\'1Iil'1I au ('XI)()lIl'lIl inl
1I0w vnriarum ('lltl!cluo IOU1V'l' h(l a( rur.uvlv IWlilllailll'c!, .\1 Ihl' low il(,('p!t'l'al inu
(lilli, nlh('!' pfli'l't~; lhult«! Ihl' 1'01111'.1'of i\('('I'It'ralillll. Illl'~;1' hdul\ I'l'hllill'il,\' '.il'rld,
Ill'~"~'Ill' till' IIll'dlilllil'ill valve, c'ollliJilll'cl with IhI' iunato I'I'W,ilivil\' of stu-h low
i1('('I'II'l'a1 ion llow« 10 ('halll',cl>, ill nl,(,I'!c'l'oI1 iou. Till' a! t aiUIl}1'1I1 or all I'XIII)1I1'1l1 iul
llow variatiou in tiUH' l'l'qllil'l·(I. il" !'xplahll'<! l'adit'l', I hI' 1'i<'('ll'Il'llIII'III1HII h- ('011-
1101 valv« !II IU' Illm'l'll ('0111 iUllolI',h' 11111('1'rlo~pcl loo)! I'\)HII'DI lrorn it )!w,il ion
of hi;'.h Ilow 1'l'~,1 I'kl iun I n it HIIII'1' (JIH'II ('lllllw,mal iuu, Thb \\,;t~ ;11'1111'\'('(1 b~'



8.3.1 The inlet bump

Apart Iroru t hI' vuriabilitv dp"'1'ihl'(1 ahovo. IllI'l'(' was unot IJ1'l' phouoinouon as-
nilwll to tht- iulot lUI iulet 'lnuup' that ('01I\'{'('I('ll(IONwitn'alll uiul \\'iI~ asso·
!'ial I'll wit h tIll' illtpl'i';u'(' ln-twoon t hv p.uullel Ilow alii I tIll' Iullowhu; outnuuv
flow, 'fhil'{ wn« lutvnuittvut hut ~(,1'11l('!1al~!l 10 Ill' l'l'h'll'tllll IIII' (it'tails of th«
init ial iurpulsivo st art. I'll 1'0l't uuat pb' it WilS not po;;siblt, til splt'I't snit abh' xt art-
lip roudltiuns fl'('('l~" thus ~llllll' I ('~t s \\'\'1 (' uior« SItS('(' ,Itihh' to this ('11'('('1 t hall
ulliN's. A gOOtll'Xlllllph' of it Io'sl ,..howiiu; this ('11'('(', strouuly is FXPD. Prolile-
Iroui t ht' sl ntlon FDa (,1'/ U .i!i.:n) an' showu in Iir\I1l'(' 1'1,7,
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Fi1\111'('H.i: Vt'lut'ity lll'oli\('~ lor th(' Ipst F])a (.,./R :: :W,:Jl), 1'('1)1'(11;('111('(1 a~ it

Imdiwt'. (1), tIll' iul!'! hump,

Fil',lIl'(' H.i p1'('Splll~ (lala Irom a stutiou dosi' !II rlll' inh-t. In this Iil',lll'l' it 1<11'1\1'
!('lIlporallr h)l'ali~I'(1 wave ran hI' 1'0('('11at Ihue 10 10 Vi S('t'uutis, lIs I('llll)(ll'ul
lncuf ion is 1\1 Ih(' pumllel-out nnu:« illl('I'fa('p, mul ill' l'atliall()('alioll i:-.upproxl-
Ill!' Iolv ill t hI' Oilt 1'1' pll 1'1 01 1hI' hounr larv la,wl' aml at !jat'pll! fl'('('·:-;ll'pillH How.
As with 1)1(' variahility (h':,l'l'ill('(1 ill Ih(' 11l'1'\'ioll~ !'iI'I,tioll, till' app,'al'all('(' awl
lllitf~llitl11lt' of this wuv« Will, PI rat it', Thill', as 1ll'[i1I'(', th(' wav« shown ill til('
Iir',IlI'I' hi 11111 1\ 1',lllhall'l'pl'I'Sl'lltatillll or till' pheuonu-uou: rnthor it is till IIssl'm-
hlv of ~('lH\l'l\I(' trnt'('H ill which thr (\iHllI1'hau('1' O('('\Il'l'('(1 «rnulcullv, WhUp tho
1'011'111'1nro of I hb pln-noiuounu eoukl not IH' illli'n'l'll Iunn I Ill' prolil« dill.t, Ilh:,Pl'o

vatlou 01' tlH' iiulividuul Ira('I'~ "hO\\'I'(1 Ihat it was lmulnur au(lllo~Hihb' vnrtk-nl
In nurur«, Till' :;11'1\('1111'" II('l'HJ:..Il'll and iunintnhuxl its itll'nlit~' far dowu-treum,
always '\Jljll'iU'illl\ as II silujlh' 'hump' 01\ till' \'l'lodl~'Il'i\('I', ,\11110111'.11quitl' lal'l'.I',
t hI' lnunp Sl'l'IIIl't! 10 ('ouw('1 through I lu- Ilow, ll'a\'itlf\ lu'hilld II vt-lorltv Iiokl
UIl,lffl'('II't! by it S \la;,:,ill,',. This is I'\'it 11'11t ill 1i",lll'l' 1',7, wlu-r« t h(' tl'al'!';; an ('1'
uhout l!i Sl'('lllll b simply 11'\'1'1'1 10 I lioir nunnul vvolut luu,



CII1iPTEH 8, BXJlJ~H1MJo:N'J:.iLm~sUJ/rs- ,'BLOCITI' PIWFILBS H~

mousuremout <\I'Vlt!', was cnpahl« of lll(lllsllring t 11(1flow varlatiou ut only It Hill'

gil' point ill IhI' pipo for nuv Killgl(' run. TIH' pro('!'s;; of Illl'aslll'iu~ It wlot'iIY
prolilo rosnltvd ill movlnn tiH' IllPaSlll'illf!. volume 1hrot All 1hp :lOunliary lnver,
posit iouiug it al tUlIl'l'(l1I1 rndial st ntinns, awl ropvut inA till' run. Thus wit h 111('
!llolllll vtll'iahilit:: al'o~odat<'ll wit It t II(' llow I IIII' ass!'lllhl~' of sl'pal'a1 (I Iral'l'S (Iroui
clilI'l'l'l'ut runs) would result ill II \'(Ilodl~' prolil« WhOHI' houmlurv laver showed
wi\vilH'l'os in 1111'r.ulial rlirortkm, ('/'('1/ IIwlI!lli tlu: srpura]: nl118 fwd 8//I(JIlfh 111'0-
jilt's ,Z,lli'l'il1!1 OIlI,I} sli!/hlllllIfJ11I 111/(' uuoilu», Thus tho \\'aI'iUI'!iS of I II!' hlltllHlal'Y
lay'l'l' ill t Ill' Ihinning l'I'i~ioll of IIII' 111)\\', as lor oxarupl« ~;IIOWIlin Iig1ll'1' SA. j:-;

in nil jll'ohahilit,v shnplv 11m' to nssouihlv of t raros ohtailll'ri Iroui Ilows which
tlilI'l'I'I'11 :-;lighl!V. und i~not lunut« to tlu- :-O:\'SII'II1, If il \\'(111' pos!,ihlt' to !~lohally
capllll'(' II \'(Il()d!,\" jll'OlilC' Irorn fhl' (11l'l'l'llt Ilow, if would show sinunth !'I'gnlar
behaviour wil h 110 waviness,

'I'h« t lil'P('·dillll'llSiolllll YI'!ol'ily prollk« »hown ourlh-r \\'1'1'1' 1'II11s1rIlC'II'(! <lh'('C'1I>'
Irom thl' ~1l1l)()tIH'd trill'p" whl'l'C'a:4 df'l'iwd (lata slIdl as IIII' mean Ilow ratl'
01' routrvllno wl()dt)' \\'1'1'1' ('Xl 1',:1'1I'll h~' lit t iHi\ all iut I'rpolaf ('II llIII' Ihl'lltll'.h all
rill' hOllllllary lnyer polut s at ouch tluu-, Thus 1(l ralrulut P dl'l'iwII boundnrv
Jay('!' quuut it ips, IhI' 1111'1111 \,I']odt~, varin! lou d Ihe t'llt il'P IHlullIlmy luvor wns
I'lft'('tiwl,v tIHC'd. Figlll'(' S.1i nlt()\\'111 hI' prnlil« Innu tIll' stuliuu FBIi (,1'/ It '-' !H),1i,1)
at t :l2 H, sh()wiug un illtl'l'IHllatl'(1 1'\lI'\,(, to t ho raw datu poiut«.
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Fi!\HI'I\ KH: 'I'lu- velorltv prolilc Irom lilt' Il'sl FBIi (,"/ Ii . !ltl,1i I) al lillll 22
SPI'OU<lS: o, 1Il1'i\:O;'lI'PII ,);,ta: • iut orpolut 1'(1 1'111'\'1',

This pl'Olih' j;; 1'1'0111t 11l'most vnrlahlo l'I'l',iOll or t hI' st utlon Filii: 11('\'1'1" hl'll'sH I hI'
st'alll'l' hl illSij\uilil'allt \\'111'11l'OIlIPIU'('d 10 IIH' illll'l'J>olall',l 1'Hl'W. 'I'hus ill t('rllls
of t ho oxrrnctiou o['wlnl'ity prolii<':-O, till' dovintlnus ill tIll' individual Ira('I'H \\'('1'('
wholly ilisigllili<'IIIlI,
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thicklW!'lS ilH'l'('aSl's, Thr variation of 1his 1><11'<1111('1(')'for all Il1l'!'(, st at ions is gi\'C'll
in Iignro !',5,
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Figlll'l'tl.5: TIll' tompornl variation of (lillH'usioull'ss reutu-lin« \'PiodlY ill thue,
[01' IhI' Ipst F'CPB: 0, FBa (.1'/ H " 1:l.(H1): ., FBi (J'/ l? -l-l.ul): (', FB:i
(,1'/ l! c.c; !lI1.:i,I),

It is clonrlv evident I hal all l11n'l' I'IU'WS dopnrt from a !'lill[\h' I'lIl'VI' - IIll' 1!P\'('!-
opmout 1'1It\'(' [or Ilow illliuitl'I~' far Iroiu thl' pipI' inlet • and that 11:. various
tillH'S (If c!I'lHU'(.\Il'1' lin' ill rolutivo proportiou t·o t 11<'statiou'« distuuro Irom the
inlet, 1'111' vnriatiou of tIl(' houutlarv la~'l'l' ill lilllC' for all t hI' t('l'ls will hI' pro
110111('(1 ill it more ('()lupl!'I(' Iorm Inll'l' ill till' dlilpl('l\ \\'lwl'(' t Ill' h(J\I1H1nl'~' 111,\'('1'
tlisplil('('llIl'llt thk-knoss and CliUl('llSiolllp",.. \\'1I1I1>1ll'al' I'IT('1'!'lwill h« used as char-
nC'It'risillg pnrtuuotors, First I~' t h(' i':"nl' of illlt't '. <lriai>i1ily alld inlet ('(['tot'ls will
hp nddl'('SS('ll.

B.3 Inlet variability and inlet effects

\VIII'I'PiIS tho parallel d(,\,ploPllll'llt n'I',ioll was verv smooth, uuilonn awl 1'1'-
1\('<11nhk-, Ihl' hOIlIl(lal'~'!a~'1'1' IhiulliUI( Ilow I-ihm\'C'1]IiiI' gll'nll'l' variahilitv, This
pheuoiueuon was 1111'111iomxl ill IIH' previous dmpll'l' nud l'arlit'l' in I Ill' runvut
0111', mul wah Hlil'l'illl'(1 t (I a p('('lIlial'il,V of t hI' iulo: ('0111rart lou ill conjiun-t lou
with I Ill' nntur« of IhI' init ial impulsive sl art.

TIII'lIlOs! pruhnhl« oxplaua! lou Ior t h(' OhhP1T!'d variahility iuvulves a smull rau-
dom inlet ('lrl'l't. am'rt illg sli",hl 1~' I Ill' ",Iohal "IHI)!I' of t ho wl!l('ity prolilos, ill
runjuuctiou with till' poillt·Ill!'iI~\Il'PIlIPllt uaturo of IIIP !.D\' mothml. Silllpl,\'
put, ~,li~\lllly 11ill'!'1'!'1l1 illll'l hOtllldal',\' ('olllliliolli'i 10 tlu- llow at time ~l'l'O 0('·
1'\11'1'('(1 ('\'!'l'~' tilll(' it run Will-i('111111111'11'(1.whiel: I'l'hnlll'd ill IIII' hounrlnrv la,'!'!'
ShilIll' e!lIl'illl~ Ih(' t hiuuuu; l'l'I',ioll (t hI' l'l'l\ioll ill which iule l'!11'I'I:-. luu] 1)('1'11
('OIl\'p('It'11 (IOWIlSIl'l'<I111) di!li'l'illl\ :-.lig111.\·iH'I\\'1'1'1I runs. TIll' 1.])\', lll'iug a puiut



upstroaiu to ('011\'('('1 into this l'I'I\ioU: iI is lor Ihis roasun that 1his daru shows
uo ud Vall('p( I tru usi t iounl Ill' linviour.

For 1111'h's! FXPB, il third spi of prom!'s was lIH'i!slu'('(1 further dowusm-aur, at
,1'/ H :"' DO.iI,i, i\1111this datil is Pl'l,~pl1t('tl ill Iiglll'(I t',1. Agaill thl' 1"('111\('111'(1 or
('\'(IU(S is familial': au iuit lul iu('n'asp ill hott11dar,v Inver (hid\l1t·~s rouunvusnrat«
wi! h til!' pamllol Ilnw d('v(llnpllll'l1t: uoxt it [''''',iou 0[' bouudurv laver t hinuiuu,
[0110\\'('11 bv till' dl'wloPllll'lIt of huuudnrv la~'1'1' 1H'1'11lI'1mtiolls !t·atlillj', Iiunllv
(0 II turhuleut vvlocitv prulil« ,\s holur«, III(' rvlativ« oxt (luI of Ill!' l'I'I',ioIlS
difl'l'l's al't onlillg to I II!' axial :;1al ion: tIl!' ('111'I'<'11t(litt it show it IiiI' 1111')\1'1'par.tlh-l
(11'\'(lloJlIlH'ut I'('!"ioll than ('it !tN' of IIll' two J!l'('\'iolls dilt a Sl'h,

8.2.3 Similarlty between tho parallel dovelopmont regions

Of illll'I'Pst is Iht' parullol ((larl,\' tiUI(I) tll'wlopill!\ I'l'gioll of ('Hi'll ptnlilo ~PI. It
would hI' ('xP(I(,tl'(1 l hut tho prolil« !hlwlopulI'lIt at (,<t('h or tlH' stali(lIlH w!l111t1
IH' itll'lllirnllH'I'!', III IhiH n'/',ioll, tho flow should hI' tl!'v<'iollilll\ as if it \\'1'1'1' nu
ill!l!'Iillitl' (listilll('(' Irom Ill(' illl!'t. with lit) radial velot-itv eompouont , ami as II
result thl' rnndit iOliH at all :-1111inns should hI' irlvnt ienl. 'l'ho ~I art of Ill!' bOIlIl!I·
iIl',\' lay!'!' Ihilllliug l'!·giou, as hl'l'ahk!l h~' Ill(' arrival of out ranro How, iuurks t hI'
lillll' at which IhI' lluw starts to ho illlltl!'l1('(,!1 hy Ill!' inlet houmlurv ('outlit Iuus,
alit! Ilm» tho poln: nt whlch difrl'l'I'lI!'P~ 1)(11\\'1'1'11 thl' 1I11'i\l'lIrilig H"~tioIlH should
bl'I'OIlI<' apparent. A l'I'Utl!' wt dl'lll' indivntor of th(l slatl' of thl' vr-lor-itv pro-
lilt, withln tho pip!' hi till' !lilllt'llSi()IlII'~" "Plltn'liul' \'!'loril~" 'I'll!' \'1\1111' 01 this
IHll'illllPI('r is uuily HI start-up, illl'l'('a~illl\ mnnotnuirullv as til!' hOllwlal',v laver
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FiAI1l'l'I',:I: Noruiullsod \'('Iocily pl'olil('s Jill' thp tvst FB 1 (,1'/ R ". .f1.U!), 1'I'1>1'l"
SI'llt(l11 as it slIl'fm'(I,

th(1 !'llli of this phnso is lal'l-\l'l' thuu at tho inlet stutton. AH 1)(Ilill'(' th(' pnrnllel
l'('Aioll ('IHls when tho pip{' iulot l'('~\iOl: ('Oll\'('('ls JlHst thl' lIlpllslIl'illP; stntiou.

TIH' l'l'gioll (1I'iitH'11 hy 12 < I < 2~ s('('olllis is til{' bounrlarv lnyor t!tillllill[1
l'C'giou of I Ill' flow, Af\aiu 111(' thinuiun l'II'('('1 is gl'lHlllill, with thl' boumlurv luvor
sit(Jwiug It slow ~'l't ('ollsbtl'llt t11'('l'l'i\SI'ill diuu-nsiou wit II tuuo. Not irl'llblC' agaill
is till' slighl vnrinbllity in l!til'! 1'1'~\ioll - Ihl' truces al duplieuto Hlalio11H wlthlu
IllP hotnulnry la~'l'l' at Ihis poiut do not iiI' ('OIH'IIl'l'l'l1tly, hut (I('\'ial I' slinht I~'
Irom ouv j) not her. AI' Ull'nt illlH'(1 oarller, I his \'i1!'iahilil~' iH tIis('lIss{'ti ill tid ail ill
s{I('li(,1l :-:,:1,

At t 0:; 2H SI'I'oll(I~, bouudnrv Inver } I'l'l urbat iOllH a!'!' uotiroahl«, mul tho huuud-
an' layl'!' h(,('Olllt's mor« aud 11101'<'dist urborl, nut il h,\' :15 H{'I'Omis ali110HI I III'
l'ulil'l' wlodt,\' prolll« is 1111'1111"'111. This llow lnvnkrluwu Ill'OI\I'I'~:-;I'S Irmu a dis.
tinctlv huuluar wuvlur-« . lilllit!'{l In a smnll roaion of Ihl' hutuulurv lnvor - 10 it

1lI01'(' widC'slll'pad Il'Illlsi! iOllal Ill'O(,(,S,~ lillall,\' t'{'.~lllt illg ill 11 Illl'hult'lll lHlllwlal',\'
luvor, Th« fully 11I1'1I11h'l1t!,l'Olih'lll'{,SI'ut IIltl'l' I :c: 21{s l(nitl' likl'ly origilliltl't1 1'111'-

th('l' upstreum, Irmu pl'I'1nrlml ious ill t ho houinlary lavor Ihat had nrowu wliil«
('01l\'l'I'lillg downstream, 'I'his rnnclnslou vuu Ill' suppurtr-rl by 1'I'Slllls IIf t.lu- lu-
l'l'pliou datu, 11l'l'sl'llt{'{llall'l', 'I'hoso l'!,Slllt~ show that Il suhstnnrinl pnrt.iou 0['

thC' IlOllllllal',\' la~'{'l' wi: hill I lit, l'llll'ilIlC(' l'l'gillll 1il'I'1llS10 show II li'llIilllll' hn-ak-
dowu iuoro or !t·s:-;silllllllaul'ollHb', 'I'hr result« ofslwh n nlobu] hl'l'i\I,(iowu would
Ill' l'xa('ll~' Ilwsl' SI'I'II ill 1i,\1ll'(' H:~ • inlt iul lmnluur \\'il\'i!ll'sS (local \. foUo"'I't1 11,\'
I ruusi I i011 t n turl mleuro, t 1'i,;gl'l'l'd II~' t lu- P1'1'Sl'lII'1' 0[' I'0 1l\'I'!,I I'd til 'IH'I'S
Iroui further upst romu, This is {'OlTnlllll'nll'tI h~' ('ollsith'l'iul\ HI',ni" I ',Illl' 1'(.1.
",III'l'I' hp('IIIISI' of III!' Pl'OXilllil,\' '() IhI' iul» pIn III', 1111'1'1' was llU ••, t illlilil,V lill'
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Figuro 1',2: Suporhuposcd uonnnllso.l wlodly tra('ps for the (I'st FBa (,1'/ If "'"
l3,liD), from Hrh'('!('<i nulial stntions: (1), rl R ':0: n,Di'li; (2), 1'/R ~"(J,n32; (a),
1'/H :;;;:(),t)liGj (,1), 1'/R :=: 0,H:38: (Ii), 1'/R c;:: 0 (contn-llno).

'I'lH' wlodty prolllos shown ill Iigur« S,l haw 1)(1(111 nssomblod Irom hullvkluul
LDV tl'lw('s; tlmH ouch voloritv-thue l'('adin!~ «orrospunds to u soparnt« (lXP(lrj·
\11('I1t.(\1run. As dh;(I1HH!'d in the previous chapter, tho events timing uud aft.('l'
tninsltion wore' not ropontnhle ill structure to allY grclnt extent • the tiiuing of
t.lH'il' inception H(I('l11(1(1 prcdictablo with HOUlt' lilntiHtknl variation, hut H111>H(,"
quout devlaticu was not uuiquo ill uaturo, For thiH reason it waH uot possiblo
to draw all~' sl:l'oug ronclusion« ahout glohal structuro of 1'11(1How breakdown
Irom this datu. Tho rndlal oxtont of 111('porturhatlou was, however, lo('nlbC'd to
t]l(l bOllUdlll'.l' lnyer alone. At tid;; ('lIl'l'('llt. - fill' IIp:;tl'l'llm • Ht.ntioll, tIll' H!'Il}1'of
t11<'How breakdown WHi'!stlll mlnor: 111'ogl'!'HHill!\ downstronm, tIll'S!' 1111{'{.IHtt.iOllH,

whil« Himillll' lu nat II !'(', bocom« flit' III oro Pl'OUOIllH'!'<i and uro (liH('Il;;H(ld below.

8.2.2 Profile development further dcw=stroam

Whil(' t.1J(1 ilow nt, Ill!' jul('1 mnlntuinr«] (l WI',\' thln holtl1clllt'y lay<'l" tlwt fUl'tlh'l'

dowustronm showod flU' 11\01'(' 1lI1lI'it(I(1 dovolopmout (llll'inp; Ill{' \.!'st. Fig1\1'(' 8,a
showH thiH dovolopmout Ior till' stutlou FB.l. loruu«] at axial Ilm;i(ioll ,1'/U ~"
·l,l,(j1.

This data show« anillogouH tl'l'lllis (0 Ill!' lul(I[ llow: ili'i hpfhl'!'. t hI' hllllutial'Y la,\'l'l'
illitiall,v dC'w1ojlH awny fmm t.hv 'top-hat' ('OIIl\i(jOIl at start-up. thb 1'('l\illlll Iwill!!;
Iolloworl hy a 1'(lgiol1 of hoiuularv lnyer tltillllillg, awl liui\lly Ilow lm-akrlowu,
Tho initial parallol dovolopmout however, ()('('lll'S OWl' ,\ far longor time, up uut.il
I 0;;: 12 s('('olJ(IH, Tltis !Jl'olo\)!.'l('(! c\('\'('1 Ojl IIHI 11t tim!' 1:-1(hIP 10 tltl' rnousurhu;
st utinu's lal'lJ,t'l' distalH'p 1'1'0111 till' pillP iulot, rosultluu ill it gl'l'al Pl' t imo h!'l'ol'('
Ill\' (1111.1'1\11<'(1How ['('adl!'s t jl!' stutlon. Aaain. IH'('an;;p of (lip oxnn durut'ou of
tit!' parallel dovulopinout of lli!' flow, tit!' muxiunun !)()\UH\al'Y luvor thkkll!'~S at
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Figuro 'i k: Suporhnposotl unnuulisod \"('lodt~· tnH'I'S lin' thl' Il'sl FBa V/R c-

l:Ui[)). from ~I'll'(,tl'(l radinl stut ious: (1), I'IR ~= 1l,!l7!i: (2). I'll? ,- o,na:.!: (;l).
I'/U (U\liU: 0). 1'1l?~' (),K:lt': (!i). I'/U:; () (('PlItr!'lillt'),

Tit!' \'I'io('ity prolik« shm II ill !11~1I1'('1'.1 hav« h(,l'lI asst'luhlt,( j frol'l ilid ivid uul
LDV trlH'PHi thus onch velovlty-t.imr I'l'illlill~ ('01'l'I'SIHlIHls to it sl'}lamtt' oxprri-
moutnl ruu, A'l dis(,llSS(·t1 ill tilt' proviuns dHt}lt(·l', tll(' events rluring aud anN'
trunsition WI'1'1' 1I0t ropoatuhlo ill structuro 10 all~' ~t'('iLl vxtout - tlu- tillliuJ; of
their lncnptlnn S('('lIl('d Jll'('dktahlt· with sonu: stnlisth .il vnrintinu, hilt sllhs!'-
quout doviat ion was not unique ill nnt 111'(', For I his reason it was nut possihl«
to drnw lilly Stl'Oll~ ronclusiou« nhou: glohal 1;I1'1I('11ll'1'of till' Ilow bn-akdowu
[1'0111 this dnt u, Tho radial ('XII'1I1 of Ill(' ))('l't urbat ion was, however, lo('a1is('lj to
IIH' hOllllclm'," la~'('1' nlone, At l.his rurrcut • f,II' npst reum - HIat ion, llin sm)p of
til!' flow hl'l'i\lHlo\\'1l \\,ilS s+ill ruinor: Jlro(~r!'s!,;jll(.!. downstrciuu, t h('lip Ilurt.u.u iOIlH.
while similar ill uat urv, !J('('OIlW fill' 11101'('Pl'OU()llIl1'('(1 uud nro dis('lIssP(j below,

8.2.2 Profile development further downstream

Whil« tlH' llow at lit{' iuk-t iuaintnincd it \'I'l'~'fhlll houudury lavor, thai further
dowustrenm shm\'PII fur moro lllal'l(('11 dp\·plopllH,.l1 dllriui\ I hI' 11':-'1. Fi~lII'(, 1'\,;'
shows t hls c)('wIO}lllll'nl 1'01' t hr xt at iou FBI, loratl'd at nxlnl position ,1'1 Ii ..c:

.u.ei,

Thi» clal n shows HnHio!IOIlS tl'l'lltls 10 1111' luh-t Ilow: HS iHoi'Ol'I', t lio houmlurv luyor
initially t!l'wiops m\'a~' Irour t hI' 'top-hut rmulit ion nt stun-up, I his l'\'l\htH· IH·itl!~
followed bv a 1't'giOlI or liuundarv 1;1\'1'1' Ihiuuina, HIIII Iinnllv Ilow lnr-nkdowu.
'I'ho initial pnrallol d{"'!'ioJllllt'1l1 howovor, OI'l'lII'S ('\'PI' a rill' lonuor t hue, lip 1I111il
I;;::; 12 St'("llllb, This jll'pl,}llgt'li (it'\'!'IO)llll!'1l1 lillH' h; (hIP to tlu- IlH'aSlllihf',
statiou'" liIl'!\('l' dblalll" l't'lllll Ihl' pip(' iulet , l'l'slIlting ill il In'palN' lilll!' ill'lill'l'
Ihp ontrunco Ilow I'l'ih'h!'s I Ill' -tutiou. .\l'.ilin. I)('t'illl;;t' of tho l'xlm durut ion of
rIll' parnllol dl'wltljlllll'llt of Iht' Ilow, I ill' umxiunuu lxnuulurv layor I hirklH'~~ al
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Fi,\I11'1' I'l.l!l: 'I'Ii« varku iou ill I'X111'1illll'ul ill .ha PI' pill'allll'l ('I' uurl ,li~.pIHl·I'III1'Ut
lhid\lll'~", H!> a Inurtiun Ill' tluu-, Jill' thl' tl':'1 EXPF II.- 0.0'., Ht II allls): ",
EFI (.1'/ If 1i:l.li!lli I. m"~(.I'/R 11).(11I: " EFa (.,./ n la.WI.



un- IH'C'lll'a!P. TIH' routiuuiiu; itu'l'!'a',!' of vnrvv l'~\:l duriui; aud aft!'1' I l'Hll~il ion
Wi" puz/!im;. II was ;;('1'11 ill I Ill' ~.ha}l(' pal'allll'lt'l dat a that t hI' inlet 1'1'0 lit
urrivod 111'1'1' at allllllt :1O ,.", onds. t hils it l'I'\'I'I':,ioll 1() til'l'l'('a~illg " woulrl 1)('
I'Xl)('('ll'ti. Till' ('olltilllll'd 1 j['l'I'a~1' ill thi" pill'allll'tl'l wu« pns--ihlv tim' 10 iull,t
I'fl'l'( h (t lu- 'blip') 01' t hI' init iul 11'<1n-it loual PI'I)('l's:,; iIHlndul', prolilps wi I h lat'l',l'l'

I hall nsuul u-ut roliu« "<'Iodl ips, Tit!' l'I'~,"11was I hut 1111'di',pl,II'PUII'UI I hkkll!'~~
<low 11,,11'1 ',1111 f'l'l'lIll'c1 10 c'oll! hUH' dl'\'l'lopillf'; as uonual.

8.7 Comprohcnslve vnrlntlons of tho dorlvod parruu-
ctOl'S

'I'he 11l'I'\'io'", s(,I'1 inn "llI'l'i1kitll,\' liS!'!I Ihi' nh'll!t,.. 11'01111111' 11':,1 FX 1'.\. iu unlor
to itlll'Olil:, hut lr IIII' wlodt,· !,I'OHlc' :,ltallC' p.uuruetvr. aIHI Ihl' dh>plilll'llll'lll
Ilth-Iml':;;!. This Il'f,l PI'C':'l'llll',1 a \',i1'i;tliou ill tltl':,1' llilt'alll('tl'l':; that was t~')lic'al
of t lio 1'.l'ul'I';11 bvlmviour Ill' all IIII' I'XllIlIlI'uliall\' iIlTI'!t'I'illilll'. 1I0\\'" IIll'ilSIll'I'c1.
'fhi:,; 11':.1 \\'as pl'iIlHll'i1~' 1'110',1'11IlI'l'all;.(· it ...h(I\\I'd lal'I'.1' va!'ial iou:; ill t hI' shap!'
parmnotvr. As \\'1,11 an bl'ilw. IN'II fill' it 1\1'llI'l'iIl iutnulurtlou, it \\,iI,' also IIst'lI
III d(,1I1111l~tra lI' 1111'('111'11'1'1 i011 PI'o('{'ll1u'(' 1(11'I lu- shall(' Pill'illlll'(t'I' dala, Wluu
Iollow« lu-low is il IH'l'lil'lll ill ion of all .til' d.ll it· hoi It displac'l'llI('1l1 I hkhlll'"'' ,Ilid
I'hapl' Ililt'illlIl'I!'!' < lin I'adl Ill' I Ill' l'l'lIlilillilll', 1')t'\'l'n II':;I!'. Till' dal it is Ill'I'1«'II11'11
ill I'l'ljlll'l1lial ordor. IIIlII illutuinutim; ruuunonturv is PI'('!'ol'IlII'11 whvr« ll(·('I·!,!.al'~'.
Dutu from Ill(> 1,1:-1 II'!it • IIXP;\ • \\,il:; however 1,\I'IlIlPl'd with Ihl' 'E' ~I'ril':- or
I (I)'it,s. bl'('HIIMI' 111' I h(' l'i1l1i1ntil~' ill init inl hnpnl-lv« H('~'Il()lds 1111111111'1'" of t hI'
illl'llll'l' It'sl wl: It Ih(' lilll!'!' ow's.

8.7.1 TIl(' t(,Ht.S EXPE, EXPI", EXPG and IIXPA

Th« JiI',lIl'l·}lI'i.ll'i, ;-i,HI, X.:.!O i\1H11'i.:.!1 bl'lo\\' I'I'PI'l'S('lll lIi(' variution or hnt h 1111'
Illl'it'iIlll'11 c1i;;plal'(tllll'lll thidwl'~" ,11111\'I'}ol'iIV lllolill' ;;hilJlI' Pill'iIlllI'tl'!' ill I hue.
IiII'I h!' ,go hl'dl';, of Il':"h. '1'111'ilPP!'Il:'l:itUilltl I'Xl1Oll1'1l1 iill 1ll'1'l'h'ral lou (,OIl:;1alit s
/,' uml NI n ill'l' iudkall'll Oil I'ilch 1iI',Ill'I'.
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8.6.2 Dlsplneemont thlckness

T ". Clillll'llsiOUlpHH ('('lltl'l'liUI' ,\,('loC"ity mul honro tltl' displncoinon] thidmt'HS woro
not Hllhj(,(,t to till' t:a1l11' S~oHt(,lllalk vnrlnhilitv as was tIll' :-hnJl(' panuu« I 1'1'. It
is shown ill SP('tiOll A,a that IhI' «rror ill tho wall Jlol'litioll haH it lll'[\ligibh'
PJ!'I'<"I Oil tIll' menu flow rat!' und hl'll('(' 1)11 tIll' displnreiuont t hi('klll'sH, Till'
orror unalyxi» ill SI'('ticlll A...1 of Ill(' H<111ll' appendix shows tIll' uucertaintv ill thl'
('I'llil'l'iilll' tll'l('t'luiuatioll to Ill' nbnut I"l, 'l'his was horn« out hy tho l'xtl';tl'il',l
data· curves of (lispla('PllIl'lli Ihil'inll':';; at ,lilfl'l'Pllt HIat iOlls Irom it ~iillglt' I ('!it
show!'(l ronrurronr« ill lit" clbpla"Pllll'lll thidml'Hs rlovolcptnout ill tlu-lr parallel
d('\·,'I()llill~~ l'l'l'.iOIlH, Fil-\lIl'l' H,17 show;; the varintion of I Ill' ,lbpla('l'lllPul I hit'hlll'l';;
ill timr till' till' HilUJ(1 Il'sl FXPA a~ u;{l'(1 ill thl' previous H('('iioll,

0,16

0,14

0,12

0.1

S" 0,08
R

0,06

0,04

0,02

'I'h« tl'l'lItiH ill Ih(1 (dill\'(' (\ala w!'t'!' Hiluilar to thls(' shown ill (hI' mrialiolJ of
lilt' ('('lIll'dilll' \'('lodl~' iu Iinur« 1''.1;; 11th-;'\'I\~ I'xpl'l'1('d h('('lms!' (Itt' (liHIlIHl'(llllf'lll
(!tklm('~K waH <i(Il'iwd ,Url'('1I~' Iron: tho ('(,lIll'l'lilH' volocltv, Thl' valn« 0(' r\. / R
fol' all (hl'l'(' ('lIl'\'(I~ ill( l'pa~l'd l'aJlicJl~' [l'OIII/I'I'O al I hue I :.lli" till' time of' flow
iueeptiou, I hl'l'!'ai't('l' (11(' most ItPHI1'('llUI ('lIl'VI' l'('\'(II,tI,ci 10 boundary 111,\'1'1' thin-
llillg lu-havlom', with (hI' displa('(llllt'lll thid(ll(,H~ (\('('I'I'i\sillf', gI'lHll1all~' from tll!'

mnxlnnuu point. The Ht al;oll I'~\n" 1111' next 11l()~1 uownstroau: HI at lou- showed
Inrthor hmllltlal'Y li1~'l'l'd('vplo}llll!'l1( hpf'ol't' litilllling holuwlou, ('OUlllll'lll'!'<1, Tit!'
iuost dowustronm Hta(i()1I1'~\:I :,h()\\'Pllwl <11'('l'!'II;;(' in t hI' di:->pla('I'IIH'llt (,hkkll!'HH,

'1'111' trnusltion ill Ill<' How waH 1'('('11 to 0('('111' all"tati(Ju~ 1'~\O ilwl I'~\l fll alHllI1
:.!:.! I'!'('owh;, awl ilt FA:l aft!'!' ;;011 (' an :;p('oilds, 'l'hv hehnvionr of F.\O awl FAl
,)(ll'n11ll' 11'01'(' vuriuhl« al Iruuslt lou, bill ill lint II ,'a:"('~it hI' cli:'plHl'('llll'llt t Ilid\lI('~i~
vunt .. \~I,,(ll'(llll1dtl!'., Plllil\" ill tIll' {'awol' fhl' sllllJH' panunvtvr, all!ll)('('all~1' (If
11:' intl'grlll WII IU'I'. I hI' I'xll'al'l ion of b· l'I'ulnitwd )l'lnt ivelv i\('I'Ill'all' t hl'Olll\!tllllt
trall:,itillll ilwl within tIll' turbulent l'l'!'.illil', 1!t1lH Ih" 1'1111(':<;\('111. 0[' !III'~I' l'IIl'\'I'~



CIIAl'TBH 8. I';XJ>BH1;\mN'1:U. IH-:.'WI.TS • n~I.O( 'ITY 1'lWFILBS Ilii

60 ~'r""-

55 I
I

SO I
4S I
40 !s 3:;

I
30 _IL L1"_-- l ' CI •25 •
20

I_,e~-....;...··z.:.,l
15 =~f
10 '

0 10 20 30 40
( (s)

Fi~\lU'l' 1'I.1Ii: TIlt' varint inti of !ll!' ('!lnl'I'! I'li \'Plodt\' }Il'lllil!' f<halil' jlill'illlll'tl'l' wit II
til H', lhl' thl' Il'sl FXPA: 0, l'~\() (,1'/ U :!;),.i:l):., 1'~\1 (,I'/U la,OI): ", }<,,\;I
(.1'/R.~ (ii,~I): ,lIl(,i1lllitl('!llilH'~,

HIIHJlI' IMl'IlIUI'Ii'l' I'I'ilI'1I(,11 it lowor valu« IlI'lol'1' l'P\'(,I'HiOll 10 t lu- thinuinn \'1'Lillll
ot'('IU'l'I'(I, Till' iU('l'('i\:-i!' ill .,' ill Ihl' I hill11illg lluw wm, more gl'l\d 11ill tluu, al
statiou FA1. awl slight wiI\'iU(I,;';was ('\'hlt'lIl, lllll';;ihl~' litH' tu illlt'l I'!!i'rh" Till'
iransltlon h!'IWI't'1I thl' purallel mill thiuulug l'I'~\itll!'S WilS i\):.'!) 111011' !\UUlllill
than at tho upstream stutiou. Tit!' stuliou l,~\a • ('11\'\'1' 1,'Aa '" was posilitllll'tl
far (joWlIHII'I';\lI1. and I hI' parallel dt'\'l'lujlIllI'UI or !lu- Ilow 111II!'i p!'l'lihil I'd rill'
til!' }ll'l'dnmillilll('(l of Ih(, II'SI. ,\11 would Ill' I'X1)('('I(,II, Ihl' raIl' Ill' dl'I'I'('OlS(' ill
,.... 1'('11111'1'11until at an 1'1'('(1I1IIH tIl!' ('1I1'\'(' Win, bl'I'llIlIill/\ lI",\'III prot it' Iu liUllll'

Iiuul valn« or ,0.;, At:!O ~('('Illllh; tln- luk-t Irou: un'lwrl, ilgain l'!'\,I'I'Mill~l, Iht'
t\t'V('IOPllll'ut 11'1'1111, Slllll'tly :lftl'l'\\'anl:1 I l'ilH;;iliOHal rlow from 1I11!,1I1'1I111wm;
('ou\,(,l'tt'd t hrounh I Ill' starlou. 'I'his l'Psnltc'll ill it mphl iIlI'HW'(' ill ....., Hilt dll('
to tIll' IhhUlillll llow boluwinur hut (·!tlli'<I'd by !umslt lou lu 11Il'bllh,Ilt,p,

'Irnusltlon nnd !:II(' shape }HU'Il11H't.(\['

III all 1111'1'1'('IU'\'('~How bl'PiI!,t!o\\'1l 1l('('lU'I'I'II" f<illlllltllllPousb' ill ahulIl :!:! ;;(,(01 tIs
ill 1 1\1'\,(';, I,~\tJ uml l'~\l, 111111 nlu-r all ;;('('olllis ill rurv« FAa, Th« Jll'()('('~is or
l'xtl'Hrt.ing till' i'lll:1l''' Plll'ltU1I'I('!' wmi HoI howl'\'I'l' ~;lIil(ld 10 IIlI'nl'ltl'illg ils vnlue
ill hi,\h1,\' vill'inhh' witwi!,\' prolllvs". noit hl'l' \\,il~ Ihl' Im;it iouilil'. of llH'a~1ll'tllf~
~tl\tiollS n«il'!(ttntl' 10 oxruu-t Ihl' wall HIlI'ill' li!l'l'!'S ill tnuudtioual !II' 11Ir!lltl"UI
ho IIIIIlurv la\,(,I'H, TIll' ('lU'\'ps aft \'I' 1111'point Ill' t l'all"ition shown aho\'(' \\'Pl'!'

11m;; hUU'('\I\'all', Hvullst icallv, ! hI' t urbuk-ut pill'l of! hI' flow f,honl<1 haw shown
u verv hlnh !ihapl' pHI nlll!'! 1'1' hl'1'("

How hl'l'alHlowu \\'a~ i\ rmlllum prurt'!'!', Ih.. 1'\'I'IlI" Ill' III lilll\ ,II hli!\h\ lv ,!tlf"rt'lIl I illl"!'
Ior (Hfr,'n'lll 1""I,l. Thus tIlt' 1'01ll1,w.ilt, \'"Iodl\' t,!olil,"; Iuuu Ih». [I"',ioll W"[I' lItll rurrvrt utul
hhll\\'l'(1 a IMp," ',('ali!'!' ill thl' luuuul.uv lilYI'l'
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Fil~lW' 1'1.1:;: '1'111'1'llITl'rt('III',pl'l'illll'lItai :.h'lJlI' IHIran II' IPI' i\:. it Innrtlou of titu«,
Jill' 1:11'I('~.t 1-':,\1'A: (11. FAil (.I'/!.' :!:;.",~l: (:!). F,\l (.I'IU la.oi): (:n, 1·',\:1
(.1'/ n Iii,S 0.

8.6 Typknl bohavlour of the derived pruxuncuors

'1'111' pn', 1'111'(' of"1 :.\'hll'lliatic- ('Xjll'lillll'lIlail'lTol WitS atTlllll1ll'cllill' nud vliuii-
1li111'11ill IhI' pn·\'joll" hl'l'l inn. III Ihh ~'I','liOll,1't'1>1'1';'1'111at h'I' varint ions of (lb·
pliu'l'llll'llI ,hklilll'hH aud !.11i1l1P JlilI':IUH'I1'1' 1'1'0111 'Ii!' It'HI FXPA al'!' 1'.i\'(,II, 10
Uht;;' ralt' 1hI' 1',!'lll'lk ('~lH'l'hll(,Il' OIl ln-luwiour Ill' Ihl'''1' llill'ltllil" 1'1':1.

'I'ho ",!'III'ral J, ..huvlnur of IIII' i\1'II'h'I'iltill)', pipI' Il. w h iunuvdiuu-lv uppun-ut III

till' l'ont'l,tt'd dalil or Ii".111'1' S.I:'i. whhh b 1l'III'illl'c1II1'!ol\' iI" Ii1'.I11'1'x.Iu, !latil
Jloiut;; plu« uusm litlpd lill!':' hil\,(, 111'1'11l'.i\('11 ill IIIP 1i1',lIn' III'III\\'. ill 01'1"'1' 10
1·lIlphll:.(:,I' till' 1',1'111'1ill ('XI"'lhlh'llt ill I ll'wh,H.

Till' itil'll1iml pal'nlh'l llnw 1\t'\'I'!lIl'l1I1'Ut at all 1l1!'j\~IIl'i1l1'.iiial iOIlH i!'l l'\'iti!'IlI'l'I:
h~' 1ht' t11'I'l'lWlI' ill H wit Ii (hilt' • 1)t·l'l'l'm.iIlI', ......i~ I'Ilw,j:,11'1I1 wit II it 1hkl;Pllilll'.
lunuulurv 1,1\'1'1" 'I'h« ilj11 H'a!'HIlI'1' or llU'l'ltll'illll'!' 1I1l\\' ut (lill'h III I Ill' 1111'1'1''.1aliow,
b illlllll'lliiltt'h' I'delt'll!. TIll' IiI",t :,,1It t iun 10 IIUrll'l'J\1l 11'\'1'1.',11111 I (} it 1IOnur1i11'~'
lnvor Ihlnuinu n·j'.lulI· \\'il:' F.\1 ' 1Ill' stal inu Fi\ 1 .uul I hi:. 1)('1'11111'11 ill 1hn« (i
1il'l'lllllh ,\1 thi» poiut. t!lI'liPtl'Pil',I' ill .....•with I Wil" lmltvrl, Ihl' I'm\'!' h!lIlwiul', il
fillllrll'll l'hall!'.!' 10 all illl'I'I'il'iilll~ trend. 'J'hi» illl'l'l·iI"(· ill ,.....\\'i\'. fill' llUll'!' 1'.I'ilclllal
I hill! I hI' 11('1'1'1"".('" I'!lll"hlt'llt wit II IIII' ·,111\\' 111'1'1'1',1:,(' ill 1Hlllllllill'~ iil\'('l' 1hil'!;ul':'"
ill Ihll thlnuinr, I'p)'.iou ;.1'1'11 iu hllth till' prulil« ilwl l'l'uln·lilll' Ili\la •• \1 Ihl'
iutl'l'llll'lliilll' :,tnlillll l,'i\O llill'illh'l tln'(,I!lJlllllllll )l1'1'~bll'c1 for 10111',1'1':h('w'I' Ihl'

"nit' I IIllic' "'111''',''111 tIl illn tlf 1i",IIII' .~ n W.l'. "1"'1'111<.tlll iltt('llIlt',1 III Hill',1 mit' tltt' 111111'''',''
IIf ( IIIn' illll',IlII1I'1I1
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Figlll'(' K,J.1: Till' 1Ill('OI'I'P('\I'II I'XIH'l'iuH'ul,l! fihil!H' IHll'UllH'11'1' m; a Iuurtion Ill'
thuo. 1'01' till' 11'~;tFXPA, "hll\\'illl~ thc' HVHII'llli\ti<' ct('\'ialiollll('I\\'('c'lIl'('~nlt:-; lrum
IlH' (tillh'l'lll 1llI'U:-;lIl'illl\ i'itali()ll~: (1), FAO {.I'la ~:i.:i:.!l; (:21, FA1 (,l'IIi
la,Oi): (al. l·~\a (,1'/U Iii,s 1),

8,5.2 Correction of systemntic <'l'l'01'S ill ,','

Appliruf iun oltln- ('Ol'1'('('liOll Iartur (S"l) wns made, uud ('OlT('/'liOllS WI'!'!' aJlPIi('(1
to all Ihl'I'(' ('Ill'V('S. '1'111'1111'('(' factors \\,I'\'(' rhuseu such tluu tlldl' posh ion ill tlu:
1I11'rl'/l 1'1'Illnillpd 1111i\lll'l'l'I1. A~ t hl'!'(' WI\;: no fbwcll'Pi('l'l'll('1' value by whlrh t 11('
('Ol'l'I'I'IIl('S~ of shnpo roulrl 1)(' n~('('rtailll'd, t Ids menu Jlo~il iOlling 0[' I ill' ('1ll'W}l
was thl' 1Il0~t untnrul iuothod to uso Tho f:1('lorf1 woro ad,jllst{l(1 l>~'vlsunllv
o!ls('I'villg the dallllll1li1 thl' parulk-l portiou of Ihl' ('IU'\'P~ l,('!'llll11' ('011('111'1'1''11.

For thl' rurvo (1), tlt(' ('Ol'l'l'('tiolt Iht'tol' was /)F.IO O,OOil, 1'lIl'\'(' (:2) lnul uo

('OI'l'I'I'tjOIl applil'!1. wliil« lor (:n thl' Im+or \\'Hi'i 1\1" 1IJ' 1I.IlOil. 'I'!II, j'('}'1111 Ill'
thl' 1tpplkntioll (If tIH'S(' ('Ol'l'!'('tiou \'i\III('~ Wili< till' (11l1a shown ill !i1'.lIn' H,I1i,

WIlIlI j:{ hllll1(·dhltl'l~· ilPPill'('lIt in 1111'c'Ol'l'l'l'lt'll datu h, til!' alluo!'i( I'xact ('OITp-

latiou 1I('t\\'I'('1I Ihl' 1'1H'\'('~ cl1\l'iu1\ tll!' p.;mllt'l II"\'l'lc,piuf'; jlill'l Ill' Ill!' lluw, Apllt't

Irom thl' !il'~t value- which Wi\~ 1'11hjl·('t tolan',!' «rrnr.. intrudru-orl b~' Ihl' siuont l»
ill~\ of till' hnpulsiv« HIurt to t ho wlodty 1l'i\('I'i'i • t Ill' Ihn'!' ('1\1'\'1',", al'(, virrunllv
(,OIH -uru-n I,

'I'll!' ('IIl'1'I'I'liou IlnH'I'I\lln' lhr t lu- shap,' P,ll'iIl11I'(!'l' I1I11S I"b,l\\'('c\ it~l'lr 10 Ill' ill'
rurnt (I al (,)l'l'I'I't iU11 (\i,,('I'l'lHllldps ill 1It!' llH'n:-lIl'!'t1 )oihapl' pnrnnu-tor. II Will'.
110\\'1'\'1'1" polunxl out I hat till illc\!'IH'Il(\1'111 \'('1'i1katioll ol' 111(' ('O\'tI'l'1 ShilJl(' pn-
num-r 1'1 \\'i~S nvailalil«, •\ll itlPill 'nllihmt inn' IOIlI lor (hI' ('otTl'('1 lou pro('I'S";

wnukl 1m\'(' hl'1'1l a wall llHl II III I'd Hh('al' ~ill'p!,,;1 \11'0111' 01' sirnilut d{'\'i('(': HuiOl'll.·

uut olv 110111' \\'llK uvnilnhlo lill' t h" rig,
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8.5,1 Errors ill tho velocity dorivativo at the wall

'I'll!' 11l'(}('C'~S of l'xlra('1 iug t hI' wall shour sll1's,,\ was 1>1'Ol1l'to la1'gt' s~'sl emu tit'
errors, (hi!' I() IhI' nukuown posit ion of I Ill' wH11. III t hl' proviou-, dlapt 1'1'. lilt' wall
pnsitiun was illii'1'l'l'{j h,v extrapnlutiou, whilo 111'1'1'IItt' ,!I'!'ivi\tiw ut till' wall Was
(',t!cttlall'(1 by a similar rurvo-lin iui; ]ll'(H'I·(lm'p, III til!' ('11ITI'llt (1l'tl'l'lllitliltioll

of Hloll(', tIl!' hlf(olT(,(j wall posil lou was iu!'hllil'(l illllOllg til{' poillts l)spll 1'01' 111('
('111'\'(' lit, \Vhil(, Ihl' two Pl'ol'C'(hll'I'S' Iiudiui; t hI' wall and Iinding I he 1:lopl' at t 11('
wall- lIlay 1i('P1l1jl leuticnl, 1111' Iunuor was nS('d 011 a ;;piP('t ion Ill' proliles, I Ill' wall
\'1\1111' from (,H('h Iwiul\ ('Olllhilll'(1 ami tIll' lllpilll wall valn« laJ;l'1l ns t hI' illii>t'l'l't1
Willi po;;ilioll, Till' vl'lol'it,Y poillt:-; lIs('d to til'tl'l'lllilH' t hI' slolH' at I il!' wall Ihu«
runtuluorl u wall point Ih·t(ll'lllill!'(1 Irom tlu: ilWl'i\gl' oxtrnpulntluu ('01' all Ill<'
volorltv Ill'oiil!''', {l~illg litis nu-au wall pusitiou was hoth Illt~'Kkilll,\' ('01'1'1'('(. (til!'
wall (jiel till! iuov« (Imiug a 1'I1l1) and itdl'(1 10 «limluatr any i<tioS,\,ll('l'il~;i<'~; al
pnrtirnlnr wall litaliolls, For illstauI'p, if a volor-itv point near Ih(' wall :-;)l()\\'(1tl

It dl'villliclll (duo to tlu- lluw vnriabllitv), it ('111'\'(' lit thl'l111I',h till' <lala would
hI' (ll'1lsticall~' (lifl'l'l'l'ul 10 OIl! 1111'(1111\11dut a "howing 110 sHeh vnrlubilitv, 'l'ho
nddit iou of t hI' wall poiut }lnpplil'd '(':o;ll'il' glohal lnforruntion ahout t h(' most
lil\('i~' pllroili()llin!~ of I Ill' wall. t'(,tl\\dlll~ 1llll'ttmtiollS ill lltl' dorivntlv« ltl til(' wall
t'ltIlH(,tl hy variahilit~· of t II!' \'I'lodl~' Irat'pli,

Whilt' iu('hl(lill~~ I ill' wall point ill Ihl' diLtlt 1'(,(1111'('11 varialrililv, any orror ill tll!'
posit ion of t his point would intro: I1\('(' hhdll~' :-;,\'slomut k I'1'l'OI'I'I into I Iii' 1I\I'aSll1'l't1
1'1101>1'at til(' wall, For lnstunro if 111<'wall had been {1t'tl'l'lllinPli 10 Ill' (\ispla{'I'{1
further outwards than it uvrunllv wns, all till' Willi dl'l'h'atiVl' VtlltH'H would hI'
!O\VP\' than tlu-y ;;h01I1<1 he. For smnll l'l'l'Ol'H ill wall positiollill!\, lin 1'1'1'01' ill
th(' siop!' woukl lu: approxilual('(1 h~'it ronstuut umltipli«! by Ih!' Hqnnn' o] rho
slop«, Ihal is, of I lu- Ionn

(1".1\

IIN'{' Ill(' priu I!'!! til'l'imt i\'(f 1'1'11I'('I'(':lfs tIl<' 1I11'HSHl'l'd Hlop!' allli t 11(' dl'l'imt iw (Ill
IiI!' lolt-luun! Hi(lt· of Ih(' ('qnnt iOB t hI' iH'1 uul slopr. SI'I'I lou A,a 0(' I lIt' appt'lll lix
{\t'l'iws thhl vrrot ('HI lmat p.

TIll' 1I11l\b'siH iu I his apPt'Il(lix ~huw<',I I hat sy;;1 eiuut ito <l('\'ial iou« of npproxl-
lIlaldy .').,.,'..:·l:-;llIlItltlll!' t'''I)('< II'd ill I Itt' ditla. Pu'rh;t'iy I Iii;; i('\'I'1 of (\('vial lou
\\'a~ fOil tul, ji)l'llllmll'ly ut (Iub' HOllll' lllpaSIU'ill!\ ;;Iatjolls. Fil-\ml' 1'\,1,[ lH'io\\'
sitOWH HlulJH' pal'nllll'll'l' <lat It for Ih« II'Ht FXP;\, wltil'h ;;110\\'('<1 (list'l'I'IHtIH'i<'H
h('I\\'1'1'1I all Ihr.·(' 1'1\1'\'('1.,

For IIII' Pilrl~', pamUI') PUl'tioll u] I h(' Ilow, il \\'0111<1111' ('xl)('('1 ('d thai till' v.\riatioll
of :-;lsilJ>l' wit h t ill!!' would hI' idl'lllll'ill lor all t hl'I'(' ('l1l'\'('S, ,\s ('all JlI' SI'I'II. I Ill'
t hu«: ('1\\'WH an' ('l'l'lailll~' 1111/ l'Utll'lUTl'lll at this t'1l(1: iu fat'l ('1\I'\'1' (:l) " Iruur
I lu- f1\l'lltl'l'lllll"'t dow list n'''111 s, ill inn • ('1\1" ;\('I'()~S IhI' ut 1t('I' t \\'(1,
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Figl1l'l' ~ua:'l'h« PO\\'('I' Iij)(\('tt'111111ill' t}1(' ('(\utrl'liw\ Ilow at till' iulot, for thl' Il'st
FXPA. Dnt a re-srunplorl at tOO IIz.

hatH'(\S ill tho l'tUI1\1' of Ilow t'('('l'ptivity iii t 11\11'low, '1'11(' t'1'('Ol'd h\lll~t It l1sl'(1 to
obtain tIl(' H1](\('t1'11111above ('IlInprbl'd tIl!' (\uti1'1' oxporhuentnl data. A1t.ho1lgh
this dntu was 1l0l'UI1lIiI'('d to runko it a stntiouury random pt'O('('SH\ 1'0111(\doubt
must 1)(\ l'XllI'('SHI'(1 al)()111 thl' \'i\Ii(lity of I'xtl'lH'till~~ til(' speetrtun from till' (\U-

fil'(I (Iat 1\, whh-h phYHic'ally Willi 111)/ HI nt ionnrv, Unfortunutolv tho m.;('of shorter
record h\llgtlll-l Iutrmlured val'iahility into I lit' sJl(·(·tl'II, duo to 11lC'low 1111111h!'1'of
points, A cmupnrlson or SUh-spl'('1 ra Irnui it Hiu!'.h· record rlid, 110\\,('\,1'1', lndicut«
t.ha! not tHU1'l1 (,}Ulllgl' ill tho Hl)(\(·tral dlstrlluuiun orrurred durhu, thl' tl':<1. Thur
ItS a crud .III'IlSIll'P of til!' fl'(\q1l1'll\'Y (listl'ibutioll of til(' Ilow, (,ll!' (latl~ shown ill

fignl'l' I'U:l i~approxiur I lv vnlkl.

8.5 Further data processing

'I'll!' mruns of (lXIl'll('liul\ tIlt· dbpltu'l'lll('lIt thid/ll!'s:-I unrl \·pjo('it~· prolil« ;;ltap!'

IHu'alll!'lC'l' fro III t h« oxpvriuu-ntul dala \\'(11'(1 dl'~('l'ilH'd ill sl'('lioll i.Ii, '1'11(1 ox-
tnu-tlon of the· <lispla(,l'IlJ(\1l1 Ihidmpl's ,vit,ttll'll HCT1lI'ilI(I results, bill tltp 11(l1!'1'
minat ion of I lip shape' pnrnuioter was sllhjP(" 10 ll11fOI'S(I(ll1orrnrs, This S(I('I lou
(It's('t'ihI'H tltl' further <lata lll'()(·pssill!.\ n'qllil'!'ll 10 l'ol'l'l'!'1 tlt(l lllC'aslll'!'d xhupo
pal'allll'l!'l' \'Hhl!'i'i. 'I'h« }ll'l'Sl'lltnlioll or Ih!':.;(, I'XIl'il('11'11 pal'illlll'l(lI'H lin' all 1It(l
tp"t:-; uro Pl'l'sl'llll'll ill SlIh~I'II'I(llll !'l'l'tiolls of this rhaptor.
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8.4.3 Power spectral density

TIll' H!'IIS disturbnur« \('\'1'\ ('lIkulalp!l ahov« n'lll('splltl'd it gross iIL'('!J1'IIl psi i-
mation of t 11(' disturhaue« mnguit udo, Of illt!'l'('st too was t 11<'fl'l'qlll'lH'Y dist ri-
hutiou of thpsC' clistl1l'halH'ps, Ohtaiuing a i'1'<'qllI'IH',Ysprr+nun Irom LJ)Y dulu
is prohlounul«: 1H'(',iltS!' of tIl<' rnurlom lilll<' hasp or tllis rlntu, a direct Fonrier
trunsforui mot l.ocl (an 1101 1)(, .tppli(·[l.

~li\IIY <llll>l'oa('\H's haw IWI\l! dl'\'isl'll to ()\'I\)'('()Il11' t his dillkl1h~' of t IH' LDV
(lILIa, Th« onrlv r-orrelutlou-lmsod slotlillg tvrhuiqu« o['na!'tl'r ,\. Hoh!'!'!:; (l!Ii1i)
,l'ic'lcll'd it nou-alinsrr], ('x.u'! I'I'sII1I COl' flul :il)('('!rlllll of it'l'I'I-\t11a!'I~' span'd data,
This tcchulquo required It wry Imw' populat ion of tla! a 10 o1.tniu an-urat« I'P-

sults, aud involved Ipllp;thy rumpntut.ionul times, An huprovomon: h,v Gasl<'l' ,\.,
T~(1)(ll'ts (1tl;;) 1t'I\tH't'cl tht' computntiounl time h~'l1SI' ora direct t rausform. hili
this 1lI1'1hOlI \'('[ll1il'l',1 all \'\'1'11 IOl!gl'l' I'P['()I'[ I h'Il~~th. Improvouiout« Oil t hi" 11'('h-
l1iq11P h~' Hohprts ,v Gas(pl' (UH,OJ .uul b~' Ajmuu] ,\.. Hohpl'ts (l!J!J()) involvorl
digitnl HII ('rillg (band-pass ntH1 band-st U]I lilt orinn). Th('s(' motlunls l'('eln('C'ti
sllhstnlltiall~' IIH' high variuhilitv as!'io!'iill('d with III<' tlSP olshor! r(,(,()l'!ll(,lIglhs
of tlu: former terhniques, Burhave r! til \ lll!lO) ('ontains a hl'it'!' survey of Ihl's(l
<1111101her tl'('huicpH's, }'ll'l)ouuC'l k Fit zpall'kk (l!I!J2) prp!'C'nl ('(1 It studv ill
whit-It tht' ubovo, exact, \1'('iIllic[ll!'S \\'1'1'P ('olllllal'(,!\ to all npproxinuuo 011(' using
data re-snuipling unrl it F1<''1'nu-t hod. '1'11(';(' authors couclud«l that, for hil-\h
datn raIl'S Ihp spoctru e11'111I('1'1I hy both t('('huiqnt's W('I'P comparnhlo, Biasing
errors ill thI' FFT datu W(,1'1' predict uhlo nud dpi>Plldl',1 011 t ho data rnto. FlU'-
IIH'l'lllOl'l', tho FFT sl)('('11'11111 showed Il'ss vnrinbllitv than tho uutn-r-orrolntion
t('C'hl1iquI's for similar rl'['Ol'd Ipllgt hs,

TIH' high data mil' aut! short 1'('('01'(1kllgth of till' PI'('"Plll datu, ('ollph'll with
IllI' 1I(1('d 10 pxtr!l('t only all approxiututo Sp('I'trnlll. illdiral(,11 thl' Wi!' of tho
FFT 1{'('Jtlli(I'II" TIH' it'l'pgnIIll' t iUII' hasp of t hI' LJ)\' dOlIit was murl« rC'~'.lllal' hy
I'lllployillp; It shuplc samplo-und-hokl procedure. !INC' Iho last va II1(' of volocitv
Ill'P('('(lill~ 1111'dlO~(,1l sillllplillg POi11! was taken liS 111(' value of vl'lodly ill thnt
point, Tho 1I,\IIl. iuiti;\lIv III an Iwprngp s,nllplillg mil' of ln-twron 20() nIH! :I!l()
IIz, WIIH suh-snmplcd to It 1'1'1\111111't imr interval at IOOIlz. 'I'he power spl'!'Iral
(1I'Il:4il,V of thl' elata was ohtulucd h~' multipllrutiou of th« FOllril't' trunslonu
ohlailH'd Irum this re-snrnpk«] (lata bv it~ complox ('oll.ingall'. Tho sportrmu
WIIS ohtllitWll nil' tho pulir' roronl h'll!~th lor our-h Il'st. Sp('['lra 1'1'01ll11H' various
tpsls woro \'('1':" similar ill strurtun-, mid a tvpirul \l0l\'(11' ~1)('('1l'1Illl- that Ior tr-st
FXPA - is ~\i\,I'1l1wlll\\' ill lig1ll'l\ lua,

This SjW('tl'ttltl ShOWH souio largl' l[)\v.fI'P<lttI'IU'" W<I\'('S - Iwlo\\':l II"" 'I'h« posil ion
of thl' indivkluul pouks wa!' not l'<']H'alahlc' hl'l\\'III'l1 Il'sl!', allholll'.h Htl'Ol1n low
f1'I'<lIl<'IH'~' wuvo« \\'1'1'<' pl'l';.pnl ill all Il'sl;;, Anothor 1'I'!d(lIl of proiuim-ur ~1'I'('tl'al
uetivitv \VIIS Illl' !'angl' .'i -; .r -: 20 II",: Ihl' Ilata ill nll thl' Il'sts showed a slight
i\\('1'I'H;;I' in amplitll(\t' \t1'l'1' 0\'1'1' tl\(' hh'.lll'r 1'1'1'111\\11\\'\' ['omp{)\lI'l11s - thIN' aho\'1'
20 - a() IIz. Tho high fn'qlll'll<'Y rangt' ~h()\\'['c1a -umll awl unilorm iuunuit nd«,
('ollsid[II'illg IhI' disrussiou in s('(" iOll 1',:I.a uhuvo, I II<' lllal~llit lldl' of ,Ill' rlist ur-
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Figuro H,12: TIl(' variation ill disturbaure ill1t'llsity wit h mil' of 1'>:potH'lltial
I\('('('l!'rntioll, for tho now at coutrolin« uenr t IH' pip« inlet.

[('1'1 FXPA, ('ouHidl'rilll\ till' retuuiniug rlut u, l'('dili<'at iOIJ of till' phot ,l(il'tl'(,tOl'
problem resulted in it ~il\lIal wit It \('r~' low iUl'llllIlll'l't ludueed twisl' As a result
Ill!' value of III(' menu HMS ruiupouont for the' I'P':millillf.!, tpsls was tukou ns lin
accurnto indlrutnr of' th« al'I.\lallll'1'1 urhations 1>1'<':>1'111. Tho 1\'slIltiug varlat ....
of til!' Hl\IS vnluc with (l('('l'll'l'lttiOll givou hy Iiguro tl,l1 ~ltOWH It 1,1('lll' itH'l'(,lI:-lP
ill tit!' nuuminulo of til<' 1ll('1II1 Hl\IS value with iucn-nslng vulues of cxpouentia!
a('('('ll'rntiOIl, f1'OIII a value .ill~t above 11/., at thp lowest 1l('('I'II'1'lltioll t('~t, Il}l to it

muxlunnn value of 1.711. Ior t hp lal'gl'sl it{'('('lprat ion.

Ex('l'pl. 1'01' tlu- two polnt« ill thl' mkl-ruugo of th(' ligll1'('. till' dala ('Ol'l'plat('s
IIPPl'OXillHttl'ly to It st1'llight lin«, This 11'1'1111()(,(,11l'~ (I('"pitl' factors such as t IJ('
irregular ('0111rol and sllhHl'qllPut lalW' Heal(' WI\Vill('H!'iof t he II'S! IIXPA (t.hp
I(tf't-lllo~t point on IIH' ligm'(')' '1'111' (,hsl'l'V!'(\ 11'('11<1iudit'at!'s thai tlIP lovol of
huckgrouud <li:;llll'lll\l1<'(' III t hI' illl!'1 i~lluIIIl'!,(,t!'d hy valvo-ludue«] osrillatlou«
ill t:lll' Ilow, und is lJ1('l'('ly dopoudout Oil I Itt' rut» of expoucntlu! 1Il'('!'II'l'atiou,
Tho throo l'ight-l1lO:-It points iu Ilnun: lUI l'('JlI'(,H!'ut th!' datu 1'01' EXP(;, FXP(t
uud GXPA, D(,Hpill' thl' dill'!'f('lH'(' in t ho lulrial Impulsivo :-I1:l1't-lIl>. (h('sl' thl'l'('
(lata show au I'Xll'<'Iuply dOH' rorreln: ion, Tit!' hasi(' level of disturbanr« ill
Ihl' Ipsts was l.olow 1.;'1., uud thns wit hin tlIP r('~f.iou of SP('ou(lal'~' inslahility
[llorbort (1!l~H)l, Thi« J'(·J.\iOI1is chnnu-t ('risl''' by 1hI' 1I01l-!iUPill' in! ('1'11('1 ion of 1111'
1i1l(,1l1' dlsturlmur« 111O(1<'S, Ilorbort nnun-rl I Ill' l'IIlllW of (listlll'hm1('p iIluplillttl!'H
O,li% S ..I :;: :!I.'-:' tho l'au~',I' or 1111'1/11/111 umpllt mle, For I hiH ]'illlgp. (lisll11'llIIl1('1'1'I
III'P threo-dimeusloual, hilt have a wnvolounth as!"!()('iall'd with Ihp lluenr HUH I!',
Tho muJ.\1' of 11111plil\l(11'!"!.alt hOl1gh high. is low ('llol1l'.h not 10 1)(1IIs!"Iol'iatpd wit h
h~.pIIss I\'i\usitiou. All a result, ow' wouhl !'xPI'('! 1111'im;tahility IUl'dllll1iHIlI In
1)(1uon-linour ami Ihus l'I\lh·(Til kill. A til'l ilill'<i disrussiou of 1111'flow hronkdown,
wit It HI)('dlk 1'1'1'('\'('IH'('to ! lu- h'\'1'1 of had'f',l'ollu(1 dis!ul'!Jil1J('ps. is tll'[i'J'1'I'(illn!il
pari IV. lit which point 11111111'1'i<-nll'il ahility 1'1'1'11111-;111'1' uvuilahl«,
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Fumro ~,11: TIll' variut ion in dbl urb.uu-e iutrusitv wit 11 I iUH' at routrcliuo near
t.he pipl' inlet, Ior t hI' tl'st FXPJ).

TItI' dut a shown ill Ihis Iiguro is similar to till' \'ari:LI lou in I illlP of t IH' n!-.rs value
for all t.11I'tests. Tho data ill Iiguro t{.11 shows 110 ,:islinl'l trend with tim!'. hilt
rather maintains all approxim.tll'iy constnur value, ill this I'ast' ahnut (l.Ol2.
A Seitt.tl'l' of about 0.002 i... ilppal'('ut - approxhu.uolv 12% of tho ruugo, Tlu-
Royuokls number ill Ihis Il'sl wn« of rours« i1H'l'l':lsillg l'xpon('lItially: thus til('
ruustnnt value o[ Ill(' uor.naliscd Hl\IS 1{'l'lII tnount thai I ho nbsulutr mngniuulo
of tho disturhauco was il'('l'('ilsillg ill din-rt proportion 10 tltl' H!'YllolriH number,
From t ho point of viow of lilt' uormalised (uionu flow «quul 10 uultv) \'dol'it~'
proliles, t 11£'distnrhnure onvlroumout WIIH01 courso ('OIlHtaut. 'I'ho lurk of .utv
sir,nilicflllt trend wit h t im« was HI'PUill all t IH' (lata. hilt I'adl <lat it showed an
il\'l'l'ng(' value of IhI' HMS \'('I()dt~, which dt'IWll(h'(1 ou t It:· rail' of oxponeutinl
iU'('I'It'l'Iltioll for that pnrtk-nlnr test, For this '.'1\~()11 it \\'a" (il'l'i<it'd 10 rompar«
Iho varint ion of Ihe menu H!-.lS volocitv wit It ill('l'I'HHiuA!'XpOll1'1l1ill I 'H'(·l'h'rat ion
[01' all tho tI'SIH. 'I'his variatiou is 1',i\'Pll in 1i1\1II'(' 1'.12 ln-low.

Tho value tnkeu Ior IhI' mIl' of I'Xl){11l1'1I1ial il(,(·(·It'l'lltlou was t lit, coust alii I.'
HI'I iu t hI' C'XIH'!'ilul'llllll run-lilo, Whil« 111<'uvtuul rut I' of m'('I'It'ral lou tiill'('l'l't1
Hlightly lroIII this Iuctor, this variutiou wns smull", '1'111'first twn oxperituents of
till' 'E' sl'l'it's of Il'sts • alHlI'';:PI'') IItilisl't1 all inlorior oJllical SI't.-lIp. ill
particular 1):;,1' was l' with l l»: pholod('ll'l'to!'. As II rt-sult , hl'Oatll'lliul\
duo 10 I~lis huuloqunev I. '.' .1 ill it hhdl upparout llHll-\llitutll' of I hI' IIlit' t uat illg
rtunpouonl ill till'S!' tl'sls 'I'lati\'(' 10 Ihl' others, Dill' to IhI' i'at'l that this Higllal
hl'()iltlt'lIilll~ was spll1'iolls, IIII' l'p~l'lt~ 1'01' Ihl' IIIPan Hl\IS l'OlllPOlll'UI for IIJ('HI'
t ('sis was disl'(·gardl.".... The;« was abo 110 Hili!ahll' ('Pili reliuo inlet lin Ia Ior

mou- nrrurau- "'I imatiun 01111('mh' or iHTI'!t'mlioll is 11,,'<1 in t hb It l\ill'tlliltl'r ill Il.trt IV,
711' spll o! this, tl!t'M'I',lIh' datu ,Yit'lt(t'<I s.lti,r.l('llIfY 1"'''111, fill' (lu'lIlllt'f ilS;H't'ts "f Ihl' I"sl.

(l.uuinur tl,·\'t'llIllllll·1l1 nnd flo\\' hreakrlown), Ihal is. their mvan .uul low-In-quotu-v varlutluu
w;\~ 11110111('('11·,1 h~'t ht' t.ruiuh·U1UI',
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8.4.1 Normalisation of the traces

DIH' tot ho hip,hl,\' exponontiul Hilt uro of IIll' !Im"s , til(' ('plIt reline variat iOI! of
volorlty wit h I iiue slw\\'pd it st rmu; lnrrons«. Of prhuarv iut PI psI was til!' level of
ha('l:r;l'o1lntl disturbnueos 1'1'111111'(' /(1 lli« 111('1111 (I( {(wi/!J, III order to oliminatv til!'
Ht l'Ollr; s('ali)l~ ('Ir(,('" th« Il'iU'P dill a was divided Ihrouul; h~' till' iuean Ilowrat«
vnriat ion, In order 10 Iurt IH'l' ohl ain oulv t ho lluvtuating ('0111\1011('111 of 1Il!'
velovitv, a polvnonrial function wns Iittorl to tht- rvsultuut <lill;' "'HI Ihl' moau
value or I his polvuomial WilH t hou linhlril('h'(l Irom tlH' dnt a, mit of tlli14
process WIIS It distributiou of (lata JlOilllH about a uu-an of z 'I' 1)l'O('(,14s('d
rlnt.a was shnplv IiiI' nunnullsorl Iltu-tunting ('OlllPOIU'lIt of tlu- • ". <lpllotp(1
as u', Tho 11l'O('('ssinr; outlluod ahov« simply rl'(!1Il'('d a m.u-suu iouary random
pro('pss 10 a stntlouarv raudom one,

8.4.2 Disturbance intensity

Tho distnrhalH'(1 intonsitv is <1PlillPd [S('hlkhliu!,; (l!Ji!l)J as tho ratio of tIll' Bl\IS
Ilnrtuuthu; ('0I111)(1llI'ul to t lu- 1111'1\11 flow rate, or

I J;fl
lIrU1S:::: =r:

[ 'II
(1ot.2)

H(I1'(' II' ii'! IllI' f1llctuating romponon! of' wiocily, nnd ['1/1 it-! tho lIH'IUl cruss-
sl'('lioual wlol'ily in th(' pipl" Iu th(· 1)I'('S(1UI ('asp I Ill' dall< WIIS alll'!ltiy lIOI'-
mallsod with I'pSl)('('1 10 Ihl' moan rross-sorf.ionn! w)ol'ily. nud division hy [TI/I
Was thus IllIU(,(,PSSlll'r. For Ihp di;;('rpl(' LDV (lata (t"IID, i (;In. N -lJ, oqnat lou
(8,2) 1'(·(IIII'p<1 10 It stuumntiou Ionu, p,iVl'Il h~'

r N, '2'~'----'-'"'--~"----
lIi'lllS;:;;; ,IL ;}[(II:)~ + (II:I! )2] (I,ll -_tl).

~ I n W

Till' sununut lou tonn ill cquatlou (s.:!) i~simplv ih« t rnpoznidul ruk' illt(,~l'ati(}1I
of tbr- squnro of I lie LIn' clata pnint«. Tit!' USI' or I hI' 11101'1' J\l'llf'ral form of this
int('f,!"::'''I' "l('Ol'}lol'aliug Iht' thu» inrremont (f'11 I,) - was llt'(,ps!lal'~'l)(l('nllst'
of tIl!' ruu.lmu uature or thl' .inn- has!' in LDV datu. '1'11(' Hl\IS vompouout of
till' \'(Ihwity was ('aknlat I'll 1'01' Ih,' uOl'lllnlis('d data I'll' all tlu: t l'I\('I'S, This was

dono rot, 1\ 1i 1;('('(111<1 window, which WitS 1ll()\'p(1 t hrouuh I h(1dala ill itU' rerueu I s of
:l,r. S('('olult'i, Till' !'I'sllll of this }Jl'()('('SS Wi\;;a s('ril's of' n:-'IS values at iU('l'(1111('utt-i

of :l.il S('('OlHIs, With 1I11 IIVt'l'iW' smnplhu; ratp or h('t\\'('(,l1 200 awl aoo Hz, ('I\('h
whulow routuhuxl npproxiiuutelv lOll ttl l:iO data puint«, ,(,h(l,;(' rlutu for ilu'
test FXl'J)~ i~shown ill figlll'p x.l l ln-low.
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Figlll'<' H,;jO: Till' upproximnt« vurint ion (If t hI' Iinul p.uulh-I Ilow ~hilpp Pill'ill1lPt ('I'

with lU'('I']t'l't\linll Iuctor k: '-', 'E' "<'I'h's of t<,!,t~i; (1, '10" "I'I'i,'s of t('sh; ,'" 'U'
I'l'ril':; of tl'~ts; ,lilll'ill' n'I',I'l:",ioll Iiuo: "h'lIh'(ln't',ioll, n,,'.IIlIl of lI11('('llnillt,\',

WHS i'Ollu'\\'hal al'hill'ill',\', .uul soun- l!'~llll~i \\'1'1'1' lnnnul I:l 11(' imuvurat«, 'I'his,
('olllhil)('t1 wit It tilt, ('1'1\1h' (I~Ihun t lou of III!' liurit iup, vulu« s.; Jlll~;;ibb' i\1'('(lll1ll I'd
fill' I ill' lilll'('illi ofdura.

8.8 Summary

III tllb dWllt!'l" till' filllli (lata jl<'llaiuilll\ ttl Ihl' vurintiun of Ill!' wlndl,' lit'hi
ill time Ior all t\\PI\'(' IpsI'< \\'1'1'(' IH'I'~('IlIt'11. Ydo('it~· prolilP" \\'1'1'(' giwll, FI!OW-

illg a quulit ut lvo view of I ill' I'ul in' \'I'lodl~' lipid dpwloplll('111 wil htu t hI' pip('
illl('I:- IIH' iinpnlsivo sl art , till' :,nhs(lqlll'lll puiullrl (jp\'('iopiu1'. llow, ;;1lO\\'i 11I', Ihl'
t liiunhu; hohnviour, aud Iiuullv Ih(' tl'illl;;itioll to Illrllll!t'lI('1' iii :,01111' ('a~I':;, A
1'1l('t'(':,sitllqllllulilirat ion of tht· 11,\'('1of hat'lq\l'lItllld di~t 111'110111('1':;Wil~i abo ('iIlTir'd
out, TIlt' dbplat,t'Illt'lll thirl;lH':;~ .uul ~,hilJlI' pnnunotor ~ho\\'I'(llh('III;;I'I\'l'~ to h,
good }Hll'illtlt'tl'ir n\pl't'~(,llliltioll" or th" \'('I!ldl~' \'Hriatit,ll ill I it I' pip(', 'l'hl'lack
of ('('1'1 alntv in 1111'wall pusit iou rvsult ('d ill it 1<11'1',1'l'l'I'OI' in III!' ~hilJlI' panun-
otor, Hll\\'t'\'l'l .. Ihi" \\'il" hil'.hb ~\':.tt'IIHltk, uiul dillil Irmn 1'1\('11 xtutiuu l'01IId
1H' Ionunlly ('Ol'l'P('I<'{1 rolnt iv« to tilt' 11nl1l 1'1'0111ot lu-r 11II'a:;lII'illl\ ~Iilt iOIl~ 1'\'1)111
t ho sniur tpst. However, a lill'f\l' 111l1'1'1'laillt\' I'PIIlO1ill('(I ill thl' ah~()11Ih' vnlu« III
,0,', Till' dbplm'Pll1l'lll thid;I1I'''~i \\'iI;; 1I0t ;;nbjl,(,t (0 tho "aUII' ('1'1'01''', alllllhl' val ..
111'" of b' \\'('t'l' thus il('('lIrntp I't'JJt.di()ll!'i of till' tru« vnrlutlou (If, i:, panuur-tvr,
'l'lu- "I'dinll WilN not l'Olll'I'I'1J1'11 wit h thl' tituill!'. .unl dp~I'I'iptiOIl 11' Ih(' Inll",i·
t iuu il:·.pI!': l'ilthl'l' tiH' \'ilriatioll 01' 1111' undist nrbod hi\';I',!Iow 111'10, til 1\1'1I\"th (II
port 1I1'I1alion", l>t't Hil('11dl'~l'I'ipl inn n] t hi:- hH:;t··llow ('1I\'iroIlIlH'11I H·tN 1111'n('PIlI'
lor t ht' lilllo\\'ill1\ dlH)ltl'l', ill which t lu- ",l'O\\,1It (II dbt mlhl1l('t':. WI; hit. il(l pip!'
(lHt l'illl!'(1 b \ Illl~it !t'n'll,
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Tnhl« N.;': 'I'hv uxiul stutlons, upprnximut« i\1"'l'll'l'alioll roustuuts i\l1I1 impulsiv«
sturt-np H('~'llohl~ uumbvr for tht' .(;. sl'ric':-; or IpsI".

~

'li',;I' . I,jil;l(:li~fI;llh's" ax'iil!' ;:..!t,.111 ;HT~'h'l'iltionl iJUI)11bi\'~'H"Yll()I;II'i'~
nuuu- sl al ion ('1'/ Hl (,Ollsl aut I,' nuuibor Ii, II
•• ~ ,J,_ , "',",. ' -- .. ' I
(L\(i 11.';1 (1.0'; I (i:iitl II

i UAA ·11.,10 I I'
<mIL "IT;.( /I.-If; I (;.;io I!

I~m~;.;;~,:~~, I· I. . II

II ;:: :~.; 1H~ 1'1.1'1 I":' 111 II

II (,,;mr - iffM C ! (J,n;l I Ij';lIl III
I (U:(l, sn.m

linallv Irn: <lX-PH ils valu« is all(lUI .....-:.::!l. In IIII' ".1111(' Illalllll'l ;(1. '\,iI~iIh,llt'
earlier. thl' \'Plodl," ]ll'lllilt' :-;haJlI' punuuvu-r wa~ ('OII't't'lt'11 101' Ihl' ll11l'l'Ilailll\'
ill Ih(, wall pm,itioll, uud ilu- 1I{1i1l~.till", 1'011'101''; art' lisl{'(l ill tall!t' ,"\.Ii IIl'low.

('Ill' '1l'l'atiollllf all tlll'!'p ,'.I'ls 111'11'.',1." I,() );11' illdirall'd ihut 11)f' iuil ial Hvvuokl»
1111111111'1' was not it ',tl'Oll'~ pal'allll'll'l' am'rl ill", tilt' Iiuul {lal'i\ih'l :·.h'l\lI' par.uu-
1'11'1'. Altltllll;\1t hil'.ltl~· nppruximut«, !h(',,(, Iiunl \'a!tll''' til' H itltli('Htl'r\ a 1!'f'1ll1
Ihat b"t'lIH'rllo hI' lir'lH'lllit'lIl till tltl' ilf'('l'h'I'alioll 1'llIlfllaUI I,' ulou«. lo'i),.IIl(,I\.:ltl
lll'('~(,lll s t ho IlPlll'oxhllill (' !illal \'.dlll';; Itll' all 1111'II'~f:, {m; ('xll'arll'!\ vi-uullv allli
b,\' illfl'l'l'IH'I' Ihrounhout 111(' at.u\'f' ,,('1'1 iou) plol It·ti i\:, it Iuiu I iou til' I hI' Oll'('f'!'
oratiou fill'lol' k, 'I'h« rlalil h'OIlI Ihl' 'E', 'F' .uul '(1' ~,l'I'il':' of II'~I:; an' tll'Holl'd

bl'pat'all'ir, HIHI i\ tH'st -Iit liu« i" -howu ~1I11l1l'illllHlc'l'rl.

It ~;IHlllltllH' 1'I"'alll'(1 tluu IiiI' 1')\Il'ill'lillll or IhI' Iiuul \,<lIIlI'1i Ill'.'i shown Oil tIll'
Iif\111'1' wal< ~ "xtl'l'1I11'1\' 1'I't1til' lllt'HW,: 111'\'('1'1111'1<""" a 1')I'ill' tn'lId lo\\'anlltigllt'l'
Iiuul pt» all.'1 }ilmjll' Iliu·allll'lI'I:. ill hiV,It(,t' a(,(,I'I('l'i\1 jOH;' Wil!" I'\'idl·ut. Whil« 1lu-
10\\','1' P'lItl'!' IhI' I',raph :.hm\'1'11rai:l\' 1',IlIHII'onl'iatioll bl'l\\'{'1'1l ....\ 1'01' IIII' {iiI'
1\'1'1'111 1'11,1:·" IIH' tiill a lrmu I hI' maxiuuuu ill'I·('tl')'il1 lou ('il:'(' :,how('d IIIO)'l' "(',II I 1'1.

Alt 1tOl\l\lt hl-: illtlkat ('tI hOllll' (\t'}ll'lIti('lll'I' of I Itt' Iiunl hhap,' pm'illlll'II'1' IIII I Ill'
iultlnl HI'~'lllllds IltIlUIH'I', I Iii" \\'a~ not };,): IIU' j>""ilioll otllll' Ilnl'l' !lh',hl'--I puiut»
did not !'l'ln,lnll' wr h HI'\'uIlIth 1111111bl'I 011 all bill },(,I'lllt'd III II!' r.uulouilv :ot'ul,

I ('\'('d. Thl' ('nll}o(' !lfthl' dj',('II'PIIIll,\' at lilt' Itif',1I {'ud \\,w, (tHil{' i'I'OIJilhl\' llIi~illil',Il'
1111'111 (If t h- "Impl' pal';\II1('II'I- dalil 1'(11' ~.(llIH' of 1111'1(',,(:;: thl' illl.in:,llllI'lll J!I'IH'('r",
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FiJ~1l1'1' I'I.:.W: TIlt' \·al'iatit.u iu expvrluu-ntul sha!,1' pauuuoter alltl tlisl'la('('IIlI'llt
t hlrkne«, a ... a flllll'l lou oC t im«, 1'01' t ItI' Il'sl (lX111) (1.' Il,O:i, H, n W',l II I: n,
emF (,,'/U:c: (ii,Il1): x , (mn (,"/Ii an.un,

Tho '0' :;l'l'il':~ tiC !(')'ils \\,I'n' t lHISt' wit II I ht' hi1'.IIl'!'1 initial hupul-lve HI'~'lIolcb
11\\l1IIIt'I\ {If 1'11'1011, Eat'li of I hl'st, lour I t'~ls had l't'SIH,t,tiwb' I lit' l'H1111' lour vulm» of
Iht, i\(TI'It'l'illiou rilt'lo1' as luul tln- 'F' Il'sl ~;('l'it')'i, TIll' If'sl~ ill unlt'l' of hHTl'a~illl'.
i\t'('t'l('mtitlll Wt'!'t': (iXPD, U,\p< '. (;Xl'o\, alit I Ilu-u UXPlI. 'l'ln- uxi.il pnsit iUIl:-<

aUt! \'admls utlu-r pal'allll'lt'!'s t'ollt'Pl'IlillJ\ t hl':'t' t t'~Il'- iln' l\i\,1'1l ill I ithlt' 1-1,:;,

As IIt'fort' tilt' 1'111('1'1',1'111palh'l'l1 i" analOI\tllts I (l Iht' pn-vion« two 1'1'1); of I ('".h,
TIlt' hlfttl'l'l'd liunl vnluo of I hI' ~hapl' Jli 11',11IIt't t'1' lor t ln- Jlill'alld port lou of 1111'1111\\
ngaill iUrl't'ilsf'~ with iIlITI'asilll'. Ht't'('lt'l'alioll Im+or. For Il'~it (iXl'J) Iht' valu« i~
,',' f.'.;i lO (Iht' low('t' \'nhlt'~nl'lt'l'lIl1otll I· l:i Ii 1I!'t' tllIt' 10 tl'lIl1:-<itiollallll'lm\'illltl'),
IiiI' {lXP(, it is nllll\hb' :-; :~ lao till' llXP,\ H Wit'. sOI1l('\\'ht'l't' lu-low l!I, unrl
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Fir\1U'1' K,2i: '1'111'varlatiou ill (',"\)('l'illll'lItal simII(' lllll'allll'll'l' awl t1i!.plal't'lll('ul
thid\ll('HH, as it Innrtiou of tiuu-, for liIl' 1t';;1 <l:\PB (/.' (l,Ili. Hi II WHO): o,
mHI (,I'//{ ~..n.rn. +. UBI {.I'/H ,·lUll!: x , <lB.!("'IN, X(I,i!I),
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erntiun (Ists renclnxl stl'llcly s!atp ill their pnrallol clp\'('lnpillg phaso fill' quicker
than 111(1tow!'!' ac'('plPl'alioll OIlPS, A~\aill tIl(' lark of HHflki!'lltl~' fill' downstronui
statiolls limlied oxtruetiun of quuutirntivo data for tllP (\!,\'plOPllll'llt thno of nil'
flow.

The iiI's! two t(,Hts - FXPA awl FXPB ., Hh(l\\'p(1 !,\'pical ln-hnviour ill hoth
shap!' purtunoter HIHI (lislllan'llH'llt tliidmt's,", varia! Ion ill tim!', 'I'h« liual two
it'sti'< • FXP(' HU(\ FXPD • nuloi+unutvlv vnvh ('(llisisll'(\ of oulv two s('ls (If
moasurouu-nts. mul Iml It \\'1'1',' lIlj,",i4ill~~ I il('il' most IljlSll'('ill1l tint 'ill~, BI'\'alls('

of tlu' relatlv« axial proxhuitv (If t hr- 1\\'0 stutions to rurh other ill both l'as!'s.
llisnilllillatiou )lI't\\'P('ll tho (lata WilS POOl', III tlll' Il'st FXPC' it. purtk-ular,
th« 1l1l'H:-Olll'C'(I lihapl' PilI'HIlI!'11'1' d!'IIlOIlHII'1lIt'd I)(1('I1!iill' lu-luwlour. \Vhilp t h«
dbpla('('llH'1l1 t hiduH'SS (Ial it ill 1i~\111'1'S,:! 1 lin' Aatillu lWa (It'jlill'tl'ti Irum I lu-
pnralle] Ilt'\"('lopul('l1t ('111'\'1' at ahollt i,ii S('I'owls. IhI' Shil!)(' punuuotrr showi«!
atypkal lu-hnvimn in t hat it rouminod virrunllv l'Ol1('lU'l'I'UI wit It, 11111tlislllal'(,11
slightly from, datu Irmn statiuu F("lI1Ulil n{'tl'l' 10 h('('Olllls,

('IO:-\{I1'oxmuluatiou of t h(' volot-ltv lll'olill's ut Ht ill iuu Ft ':I show('I\ Ihal \'('Illdt~'
t 1';\('('s nvur t h" wall wor« sl t't111!\b' all't'('It'11 bv till' inlet \'Hl'iahilit,\' t\t'~('l'jh!'(\ I'al
111'1'. uiul thut tho shal)(1 punuuotor lor tIlt' hOllllllal'~' la~'l'l' titilluing 1'l'I'.iOllWilH
I lnu: snhj('('( 10 II.rpM orrur , For t hho rcusou IIIl' l'ilm}ll' pamuu-tor l'('Sllits Wl't'('
thus ('ol1si(I('l'l'd huux-umtrlur this stution, TIll' displnroment IhidmpsH llI!'IIHlll'!'·
monts, largl'ly I1llaffpc'tt'tl bv wall \'adahilil.\'. reiualued illl urrunu« (\t'sl'l'illt ion
of III(' How vnriatlon ill nil ('ast's, 'Iuhlo 1',,1 IiS(H tht' ('ol'l'l'l'tioll l'a('(lll'H Itppli('(\
to tho shupo ImmUll'lt'l' datu, ill a!'('Ol't1atH'(' wit h t ho Ill'()('t'thll'l' of !i('t'l ion s,ii.1.

8:7.3 Tho tests GXPA, GXPD, GXPC and GXPD

'I'h" Iiglll't'H N,~U, I\,:.li, S,~I\ .uul N,~!) In-low l't'lll'pc;Pllt 1It!' ,'arial lun of' hoI h t ht'
11l('l\sl1l'I'(1 (lispliHl'Ull'1I1 1hit l,lll';';~ uurl \'l'lodt~' prulil« ShilJlt· jlHl'illllPII'I' ill tinu-,
fill' Iho '(1' Sl'l'il':' or !tlst :"

W('n' n>tullll'lt'tl fm llJl,.ln'aJlI fut huth 1I'"h, hilt holh wI .. (If MlIllirt,tl 11,\lil \\'<'rt'
currllpll'tl ill lh,' lill' 1>1111\11',<,111'111'(''', il'< \l't'I'I' IllI'il' hatkllp',
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Fil',lIl'l' I',:.!:i: TIll' vurlut ion ill oxpvriuu-utul "halH' (JamUll't ('I' awl rlisplurouiout
thir!\Il(',,~, a:-; it fUlll'lioll of thno, IIJI' tltl' t('~t FXPI> (/,' O,O:!. Nt II 11 1:1): ,I,
1<'1>2 (,I'IIi' i!l,:i 1l: ,1, FJ);l (,I'I u ;W,:il),

'I'lu- '10" "I'l'h';; of 11';;1H.l'lIl'()lll}lilH!<illg t IH' tl'~itHFXPA. FXPB, FXPc' uiul FXPI),
l'OI\('I'IIII'1\11'111I11ll'1' Oil 1'I'iulit1l',Ci l'ill;"l'l' to till' pipI' inlet. Till' unpulsiv« },jlll't Wit},
10 it higlll'l' HI';'>'IHlltb iuuulu-r t hall \\'f'1'I' t ho 'E' I (,,,I., ln-lur«. Tablt, I-I,a l\iwH 111('
nxiul pusition, l\('I'l'lt,l'ltliUll valu« aut! impulsiv« HI'~'llOhh" 11111llhl'1' 0[' Ihp!'I' II'HtH,

Tahlt· 1-1,:1: 'I'll!' axil'i IllatiollH, npproxhuuto iU'I'I'!('l'atiull ('Oil:,! aulH awl hupnlslv«
HIal't~np HI'.vuoldH IIIHUill'l'for (hI' '1'" H'l'il'l'lof t('~;If1,
""IF~;i ,; .mll,i~i~j;hllt;;'~ji'~i;;ir K1i~ill;a;:I'(.I~;r;t!it;11 'lilil,ill:,lv,:- iff;5'tioi,l;; c

numo }1tl~H~lU;~/l~L=_[ l'OIl}.1 uut ". .Hlllulwl' H"II,
1·~\tl~·:!:l,Ii:.! [I.() 1 ·11·1a
FA1 la,()i
FAa (ii,141
VBa l;Ui!l (I,Of! ·11,1:1
FB-l ,1·1.01

!Hl.lj,l
,Ilia'

Till' t 1')'<1... 1'1I1l1\('tl :n tIl'I\N of i\(,t'l'h'I'at luu • lowl';>! t () hi~\hl'i'it • H}' FXPD, FXP:\,
1o'X1I I ",t! t: . I 10XP(', Du« to I Ill' fil!'! I hal IlIm;1 or lilt' I t'adiu",i'i \\'('1'1' dm;('
tl, Ihl' i'i'l 'nlet plun«, Iimiling n~~"llpt()lit' lH'ila\'iolll' 1'0), !m'!\t' tilllt'M of 1Ill'
p;, alld pI.l"iOIl of tilt' Iluw Wil" rlillirult 10 inlor, Tit!' lilllilill1'; ~iltaPI'1'i ill ol'lll'l' (If
i)lf'l't'H~h' , i\I'('plt'l'atiou \\'1'1'('Hlllll'oxillIal t'b' ,'i cc:; 10 tin' FXPI). h' ~~ I:.! for FXP.\,
,.,' ~ IIi Ior FXPB. uud tlll,lt"'; ~ Ii Ior FXP<', Tho llisplnl'PlIll'llt thkku('h" Ilitl
lIot t!t'\,l'lop SIIiii riout I~' ill unv of IhI' Ipsts ttl illj'I'I'limil iHI\ lH'ita\'iolU', 'lh« In'w\
ill Ih'wloPllll'Ut tiuu: Wil" similnr tn Ihat :;('1'11 ht'IIII'P, Hilllll'h' tilt' hi!\lll'l' 1lt't'('I"
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Fil'olll'(' H.2:J: '1'111' varia! ion ill !'xPI'l'illll'lll ill 1'happ pnnuuot ('1' mul 11ispla(,PIlII'IlI
thklm(l~~, ItS n Innethm of thue, for 111('('I'sl FXPB (I.- O.Oit, Rc«. ·lH:i): (I,

FBa (,,'/H.:::_: la.Ii!): +, FBI (."IN:" ·1.1.01): x , FBit (.,'/l?, !)(I.n,ll.
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Figm'p 1'.2,1: Till' va I'ia I lou ill vxprriment al slHlJlI' parlUlll'1 ('I' und dlsplnroun-nt
,1Ikklll'SH. llH 1\ Iuuctfuu of tlm«, for th« Il'sl FXJ>< I (I.. ,; !l.U;, Hl'u ·111::): o,
FC'a (.1'/H r.; ;i1'.:JS): h H 'I (.I'IU' i!J.!I(i).
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lllaintaiuing approxillHlI'l'ly tho snm« moan. Bp('alls(' of this, til(' n/l8olnie nncor-
tain1y of (.)1(' data was still tilt' sumo as that for the inrlividuul meusnromeuts,
uumoly h8 :::::4. Such larg;' unrortulutv wns uuuvoidnlilo ill t 11<'curront context,
hl'('i\llSl' of tho oxelusiv« It:,!, of I'll<' LDV IIH a flow tueusurouu-nt tool,

8.7.2 The tests FXPA, FXPB, FXPC and FXPD

Th« IiAIll'PS ~.22. 1'.2:1, 1'.2,1 ami H,21i IH'lo\\' l'l'lll'l'~l'llt th(' variution of both t ho
llH';lHtlt'I·<i (lispl(t('l'IllPut thidm(ltiH alH\ volor-itv lll'olill' I'lhap(I pnnuuotor ill thne ,
for tho 'F' ti(,l'i('s of t('st~. As holore. tlu' npproxiiuate oxponout lal ,H'I'ph'ratioll
runstuuts ", and nCII 1\1'(1 lndirntorl Oil ouch Iiglll'P,
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Figlll'(' 8,22: Till' vnriatiou ill exporimoutul HlmJlP IHU'i\lll!'t (11' awl (lisphH'(llllPllt
thkklH'SS, HH It fnuetion of HuH', for till' (t'st FXPA (!to (),O,t. UC'1l ,n,W): 0,

FAO (.1'/R :C' 21),112); +. FAl (,1'/ R ::c: la.Oi); x , lo'A:i (.1'/R H7.1'·1).
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this pnnuuetcr. Ilowovor it wns likely that tlie llual valur- for to- would hnvc hcou
above 0.11:', had it slIJIiI'i('ully far rlownstronm 1llI'HSlIriU~ statiou l'xist('dll,

For thr tl'st IIXPA thl' c1p\'ploPIlI(,llt ill tIll' (lbplal'Pllll'ut thkktll'ss within III!'
t hiuninu l'(·J.doll was mol'{' dbt ill!'! t hun ill t ho oquivalou: shap« pnrmnotor dat a,
TIll' two most IIPS11'p'IIII ;;1utinns • IIA.1 mul IIAK - \\'('n' dl'arl,v following :-;I'pa-
mtp 1.1'1'1111:-1,ill agl'!'('ll,('ut with data Irom t ho othor tl'st:-l, '1'111'(lata 1'01' tho other
thror stntions \\'('1'1', however, :-;IlPl'l'illtPOSI'II to a I\I'('at dt'gl'l't', und uo ck-ur 11'1'11<1"

\\'('1'(' evident. C'}!'arly t Ill' vuriahilitv ill t hI' Ilow was gl'l'<ltl'l' I hun t hI' dHli'I'!'III'p

Iwl\\'('('11 the stations, Ihus ,;Wi\lllllill!\ all~' variatioll Iwlw('('1l l\a( it. Tho pl'l'S-

('11('(' of tlJ(' iulot 'hlip' \\'1:S abo ltlnrl"'d ill tht' dala 11.\.1: It distillct dt'('l'('as!' ill
tlH' Hhapl' pununeter III aholl! l!i SI'('(lIUIs marked tlH' pm;,.iu!~ of this ('V('IIt. III

both thl' shnp« pnruun-tor aud (lispln('('UIl'lIt Iltkkl}i'sS rlutu, lilt' Ihh:uiug ['t'gioll
showed it ('0111111011 l~'l)(' of IH·J.it\, io II 1', Tlu- Inrt her dnwnxtroaru :-;Ialious shuwerl
u 1'1\'('1)('1' rat« of (11'('1'l'a~('ill ,11Splil"I'Illt'1l1 t hkkul'~s ill liul!' I hall did thos« uonr
111(1inlet. This 11'1'11«1wa» «. ('"hlt'ul ill Ih(' :>hili)!' panunetvr dala, 11111 Iilt's('
W('I'(' 1ll01'!' iurliu«! to III 11 mrlu«] ill t his !l'l'lld hy IIII' trausltiou phI'UOUH'1I0U
I hall WIIH thl' ('11~(' wit h Ih« dlspim'l'llll'ul IhkklH'SS,

Thn correctlou of the shnpo purnmotor (~I1I'V(\H

SOIlH' of the shapo parauu-tor <lIlt II PI"'~!'llh'(1 aho\'(' nud lx-low had h('Pll ('Ol'l'I'('f<'cl
as dis('lls:-;('ci ill (\('( •.11 ill HI'('tion K.ii,l. The t'Ol,!,I'!'! ion fm't ors \\'1'1'1' Ilpplil'(1 10
SOllll' of rho ,t..,' (lata, in order 10 III aI\(' I hI' pamllol portion (II IIH' <lnta ('OU('I1I'l'l'n!.

'Iuhle 1'1,2:isIs lit!' ('ol'l'l't'I'ioll fa('lol's bl'l'I' npplil'(1 to I'il('h <inlll SI'I, 1t('('Ol't1illl'. to
tilt' ('Ol'l'!'!'1 iou oquut lou (1',,1),

I~1~2 -!l.OO; JW2
o E(;:I

II,nn!
. '0,002

Du« to thc' liI"l, of llll'illl~ of itHII'IH'1l1h'UI 11lI'i\:i1ll'1'1ll!'1l1 ul th" \\'1I1I1,hl'l\1' S(.)'(':iS,
al1'l 1I1IIS 'I'alihralioll' or tIll' sllil}1!' vnriatiuu ('111'\'(,", IIlt'sl' 1'111'\'1'" \\'('1'1' :-;i111111~'
ndjlls!('d to Ill' xolf rnnsisteut withiu a 1,,;;1. Ful' iustuur« Ih,' lour s{'ls of ilutn
EEL 2, a utul ii had ;uljll;;IIlH'Ill>< applil'd 10 tlll'ir shalll' partuuot PI' <III! a Sill'll
thai' I hI' pnrullol portlou of' 1'lIcIt ('lll'\'(' h('('illlH' 11I1t111i1l1r rnm-nrreut , while slilI

, 'l;A~;(I, of ;(7t;r~~(~:'i;:;;r;ilt:'7;,;1I'I~'I'ItIltII\h (up,Hit\' III Ih,' hl'oll!c'I' tuul: 10 nnuuuuu SHih 1\
Ilow fill' lUltli ('lllllitih,
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paralld flow has as its Iinal Ihult tIll' parubolk: velodty prolilr. This final JH'-
lnwiour of tilt' shap!' punuuotur (luring tho parullol dovolcpmont showed distiuct
trends with itH'l'(,ltsillg oxpououtial HI'('t'lN'at.iou, III test EXIlE· til!' socond Iow-
('HI. nccoleratlon ('I\S(' - tit!' asymptotic value was around :3 :::::11, for t(':;( EXPF
sumewhoro IH'lowHl S :::::20. while' for tho hight'st nrroleratiou tost . EXPG - tho
lilllit.illP; value wns a1>0111 ...,' :::::2!i. For III!' tl'st IIXPA til!' parallel dovolopmont
Will' ('1\( shor] - Itt about Ii "p('OIuls. hy tll(1 nrrlval of tho entranco flow at i'lta-
tlun HAG, hut till' trond ill th!' shap« panuuoter 1'1'('1111'<110 \H' towards n value
holow 1o,
TIl!' shnp« parnmotor of tho Ilagon-Poisouille pnrabolic \'('Illdt.y profil« is~, 11111s
all 111(' Iinal limlts tiPPlll!'11 to IH' prolilos wit h highor gl'fU1i!'lIt. hmuulnrv IaY('l'H
thun IiiI' parabolic' Ilow. Tho rat!' at which Ill!' partlrular aSYlllptot.iC' value
wn« ronchod also s!'t'Ill(l(1 tll J)(I a funct lou of tlio 1u'c'pJl'rntioll pnuunctor. For

EXPE tho value WHS uttuined somowhoro aft!'l' 20 s('('olllis. wh('l'l':ti'i ill EXPG
(\(lVPiOP11H'll! hllcl virtually ('('as!'!] by iii soruncls.

Displacement tlilcknoss

The IiA1Il'I'l-l showing tho dlspluroruont thielm,';;:> l'!'\'('1\ lod klenticul trends to t.jWSl'
shown h;, 8: all dat l\ loll inlt inlly uu a sillAl!' ('U1'\'!', whoso value lurrenscrl Iroiu
~Wl'O tlh411\ru'('tul'n! thickness at rho impulsivo stnrt !OWlll'l\s SOIlIl' aHYlll}ltoli<'
value for larg(' tillH'S. Hl'SUl!S for HIt('('('ssiw stat-iolls 1(I!'t.this common ('1I1'V('Itt
SIH'('l'HSi\'(l times, 1111(1 rovortod to it boluwlour whoro b' IR t'('lhH'(,(l with li11I(',
Tl'sl EXPE hall til<' hll'AI'S! mug( of axial Ht.llt.io11S, uud tlui clispln('!'llH'1l1 thlck-
llPSH rovoulod itHl'lf to 1)(' 11 far 11101'1' sousitlvo 111(111l1Sof (UII'(!I'(llItin.ling hotwoeu
uxlal statiollH than tho Hhnp(1 panunotor, For instnuc«, whoro tlw (IilI'('l'!'Il('(':-; 1){'·
t\\'('('11 11E3 and EEIi ill Ill!' S' \,I'I'HllS I fl'HlllC'Wol'k WPl'!' Hlight, 111(' c'Cjuivalpllt b' IIf
Iigur« showed 11\1'1\('disnimillalioll J)('I\\'(I{,11 Ih!':->(I dutn, Fnrtlu-nuor«, W!tN'('ltH
Ill!' ,,' VH. i ('1l1'\,(, for EE.'i luul H]ll)('ltl'P(1 to luwo }(I\'('I1(1clolf to a liX(ld value, lit('
dlsplnromout (.hidmI'KS I'qlli\'ah'111 show!'c! that thiN stutluu hud nut Yl't IIc'hit'v(l(\
eq uillhr! mn,

TIlt' dut a 1'(·VC'Il!<·dlIt!' SHIlH' fl'(lllll:,l ('OIH'Pl'llillg nS~'llIpfCltk hounrlnrv la~'C'l'Hlm!,c'
and rat!' (If dovolopn .ut us dhl til!' shnpo pununotor, III flglll'!1 X,:W - 111('high-
('sl I\('('ph'ratiou tl':-It • till' (iiKpllt('(lllll'llt thkklll'i'iH \\'I\~ virtunllv ltHYllljllotic to
b· II? ~ OJ hy tim(' 20 H(,('OlH ls, whorons ill EXPg t \t(' parallel Ilh:plac'(llll(,lll

Ihj('kll!':-;~ ('1\1'\'(' WH~ still il\('rl'nsill~~ HI tilllP :1OH!'('(lIlClH (th« thuo whou outrunrv
1'11'1'('t.:-;\\'('1'(' umuilest <II I h!' 11l():4 dowustnsuu HIutlou) I () 11 \'1\1111'woll al)(J\'(I
b* In,," O.l~, For nXPA tIl!' (lispliu'Plll(lllt thiduWSH was c\('vPlopiuf.!, st.(lC'pl,\
with It \'n111!'of about O.1.'i when th!' l'lItt'nlH'(I !lOI\' r('\'!'r";I'{1 tit!' t\"W\()}l11l1'1I1
fl'(lU( l, Du« to tlliH promutur« ('1I1'taiilu!'llt of t IlC' pamlll'l dovolopmont ill (his
partlcnlar ('liSP, it WIl:-- iUlpos:-.ihlP to il&l' ('\'(>11 nil upproxliuato Iiual value for

stutlnn EF3 was nut Hllllil'il'lltl.\' fill' dnwnstronui tn nwrul prupor 1I~~'lIllltntit' buhuviuur,
hilt tho dnwnwnrrl tl'l'lltl ill S M'I'lllt'tl III II{' 1t'\'{'Uillll IlII' ut uhout 8.-:l 11\ Ill'furt' tho nrrival of
tIll' ontrunro Jluw Ilbl'1l1l({'tllhl' Ih·\'I'IIlJlIlIt'Ut.
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Table' 8,1: Tho axial st atinns, npproxiiuato lu'('plprat ion roust nuts I1u{1impulsive
stun-up Royuokls mnnhor 1'01' 1lio 'E' HPl'ipH of Ip:;ls, Included i:; III!' {lata IIXPA,

Tpst
iuune
-EEl

Dimensionless axial
statiou (.l'/{~.L__.

-~. -·--"r----····Menu HI'c'l'!!'l'atiou hnpnlsive Hovuolds
coust ant /., , 111lluiH'1' Hf'U
'TJ:(j'3----'-. _-_':liiTH'''-··-·----12.2,1

EE2 2U.25
EE:3 U,L!i2
EE!i :320.!iO
EF1 U:I.l
EF2 ·HUll
EF3 13.,l!J
·iIUo'-l~a:-...,.,w,----·--
Een {j·1.!i2
EG2 lO!i.Wi
EG:3 81.il1
$iIAC1 . ·Tr:rir7-·-~-~'''..
HAIl il1.U2
IIAI M.!iG
IIAJ :32.UO
HAl( 11..11

Shape pnrnmotor

First. l'oll:;itl!'l'ill~l; III!' variation of tho :,lmpp pnnuuvtor with time, tho Ii1':;I thl'l'p
Ipsls showod typi('HI bohnvlour, 'I'll!' :;1 III ion lurthonnost upstream quirkly dp-
jHll'tl'd from til!' pnrullol Ilow troiul of d!'('n'aHilll~ .'i with timo, 1'!'\'!'l'tillA 10 it

!'It('ally ilU'I't'IlS(' ill \'11111<'.At jll'OIWpssi\'('ly further downstroau, stutious, this ell'-
pnrtur« orcunrd at It Inter tlmo, I\IHl I hus the l'Iilh})(I jlllrmlll'll'l' {Ic'PHl'I('11 Iroin
I ho parallel curve ut a IO\\'Pl' value Iuu her dowustro.un, AI Ihl' Iurt h('t'1ll0HI
duwustreum stution tEEr; and E(t~ill pnrtirulur " t Itt' 1<:1<' 1 xt ilt ion WilH not that
fat' downstream) the !'Illap!' panunoror Sl'l'llll'd 10 hI' H;iYlllptolic' to It Ilxerl vnlno
ItS liuw Ilrogl'l'ss('d\ holoro it too illl'l'!'il:-;(Id du« to IhI' arrival of til!' iulot.

Th« I ('HI wit h Ihl' IO\\,l'.~t m'('(II!'l'al ion· IIXPA • WilS ~llh.iI' .:1 10 larg!' illlc't (If·
fpC'ls Ior Iho predomluunc« of till' outrnur« flow, Till' purallol d(lwlo]llllput of
111('shaJlP pununot {'1' iu lil~lIl'l' S,~l1 pl'o(,!'l'cll'd as wit It till' olll(1l's. tlilt a from SlI!'-
('pssiwly rlowust.rc.un sl al ious 'I l('l'lilll', 011" lrorn Ihis Jlarnllt·! {'111'\'1' , I!C)\\'I'\'Pl'

I II(' sUh:,wqll(lllt clal a was Huh,i('c'l 10 11\1'1\1' \'i\l'illhilil,\'. wit h tlu- slwJlI' parum-
('t!'l' awl displal'Plll!'UI I hkl(lll'~s '\11\'1'1' ('\'(\SSillg ou!' ilIlOII!!'!' rpl)('HI rrllv, Till'
..... C'lIl'\,I'S ('sj)(l('iHlI,\' showl'cI no ,'" \ pill I ern, ult hounh Oil <I\'{'I"II\I' C'I1I'\'I'S Iroin
1'111'1h!'I' upstrciuu mulut ahu'd hil\!t1'1' \'ahu's of .....t hun I Ito:-p 1'1'0111dOWIlSII'I'IlIIl.
This \'al'inhilil~' 1\:-; 1l1l'll'itllH't! \\'il~ iunnt« to tho Ilow ~~'~Ipll\ uurl was not duo
10 mls-uu-asurouu-u: of Ih,' shapl' pal'al'll'll'l', 'l'lu: hl'll1lviolll' of 1111' Inosl tIOWIl·

~t l'I'HIlI 1'lIt'WS ill I'ilt'h I (',~Ist'I'III1'{l to inuirut I' I hat I lu- purnllol llow d(l\'!'lojllll('llt
\\,i1~ ]ll'{)\'('(lllillg l(lw,II'tls u Iinul, i1S~'lItJllotk. volocitv "hap!'. tll1lt'l1 lik« l'i\I',ub'
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Figuro ~,20: 'I'll!' vnriution ill oxporhuoutul :<haJlI' panuueter and displnrenu-nt
thirkuess, us a Iuuctlou of tim!', for til!' 1(':-;( EXP(~ (I.. -.:c ll.lli, R, () CC" :1!I1~): 0.
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Figuro ~,21: TIll' varin! ion ill oxporhuontul shapo punnneter uurl dlsplnromont
thirknoss, !lH it Iunr lion of t inio, 1'01' t hr tPHt IIXPA (I.. ~"O,(J2, Urn '.~ 205D): c,
IIA<l (,I'lll;c l1:l,Gi); +, HAIl (,I'/l? .z: Hl.ti:!): )<',11.\1 {,r/N '" ;'·Uj(j)j >f<, IIA.J
(,1'/ It rc :J:!.!l!I): " IIAK (,I'/l? ,;; 11.11).

TIH' four II'HtH all po;;sl';;:-;I,(1 shuilar srurt-up Rovuokls 1l11111IH'l',awl the value or
I Itp oxpourut ial ill'('l'kml ion ('OBst Hilt ill('l'('asl't1 wit It Hll('('I'SHiVl' (1'~11'i ill (\1(' order
IIXPA, EXIlE, EXPF aml EXP(L Tho axial posititlllH, upproxhuato I\('('pl<'rlttioll

fa!'lol's and iuipnlslv« stnrt-np HI'~'IlOlllH llllllllH'!'s of Ihl' vnrinus xtution» al'('
shown ill tuhk- s.i. TII'!'!' ,.. awl Hrn 111'1'th.' ('UllstlllltH dl'lillill>; I hI' l\('('I'Jl'l'alioll,
aH gi\'('11 in oquat lou i.l,
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thp lower ('st IIXPA, all data \\'('1'<' nhove this ('1'itil'ill valu«. B('('atl;;(' of tlH'
hu-k of' tlil'OIpti<-al nudorstuudhn; of tIl!' .H'('plt·ratilll]. Ilow ,~tilhilil~' l.ehnvlour,
c1l'ti.ilPlI (li:-;('lls;;joll of this importnut awl illll'l'P:;lillg topk 11111;;1Ill' t!(·li·l'l'Pl\
11111il t 11('S~'llt h('~;i~. ut whlrh point t lll'{)l'l't iral t'I'sl1\ts will Ill' available"

{).u S11l1UIHll'Y

'1': .. oxporhnoutul hWPI,tiou rlatn \\'iI~ pn",('ut('t\ ill thb; dlilplpl', Th« lark of it

slli t ah!p Irauu-worl: till' rmnpurlsons hl't\\'PPli iun·pl ion di! tit Iuun d i!l'l'n'llt h·~ts.
('()lllhitll'(1 with thl·lad, of IlipOl'ptit'al stuhilitv dal" for til!' (,XJl01H'UliHll~' ,\('('('1·
Pl'aliug flows, rlkl uut allo\\' all~' Jll'Of1l1111!11'()llIIHll'i~OIlS Iu lu- uuul« 01' ('olH'lw.ioll:"
10 1)(' drawn.

'I'lu- uriuinnu.i nitkal ll('~'uolcl~ munlu-r \\'i1~ I lit' oulv univrrsul lll(,'\H~ of ('11111"

parboil h(·t \\'('('11 IIH' l'('hll!tS, and iti'i varintiou wit h itHT('a:.iul.\ illTl'lt'mt ion file't or
shnworl ('Jpal'l~' thai tltt' hil',lll'l' H!Tl'h'ralioll 11',,1~ 11I);;:'I':,:~;('da Jan',<'l' miuiuuuu
('ril irul HI'~'lwlrb 1I11mb('!. TIll' dowustre.un port ion or Illl' illt'!'pl ion l'1lt\'t':,
\\'('1'(1 jurl'l'l't'!! ttl Ill' Ill'I'(\lllUiuillll lv rall,;!'!\ h~' 'wash '1\0\\'11' d(i'('b;: h,\'°PiH:~ I~'p!'
ill~! allilit il':-i tk\'l'lopilll\ hl'l'l' 1\111'to I Ill' (011\'1'1'1 iou int u I hiH n'l~ioll of latl',1' llisllll'>
hatH'!'" dl'vl'!opiuJ', Iurt lI!'t, up:;t romu. 'I'll!' tituillg 1'1'i'i11lt"or :il'l'! iuu !La suppur! I'd
this {'Illldll~ioll, SOIlI!' P\'iclt'IIt'1' \\'1\: :-1'1'11of IIH' kl'\\'ard ~icl(' or it stahilitv ('111'\'1',
11111111l' 1'I'SIlltli \\'('1'1' tun low III drnw linn t'olldnsiolh, 1>111' to of this, the'
t\t'liuitinll of thl' ('It1'\'!' of 1III'rplwII wm, itSI'll ili'i t h(1 oulv l'l'liahh' ('ril('rioll for
l!n:illtit:vi!I,\ lIlt' flllw hl'l'al,t\owu: it \\'a~ l\i\'l'll h.\' IhI' IOl'lli'i o!' puiuts wit hill IllI'
(1lltmllt'p t'('l\ioll 'II whit-It lilt' lit';.;! O!'l'IlITt'll('(' of Iluw I. ",d,d(l\\11 (of \\"111\11'\'1'1'
11111111'1')wa~. oll:wl'wd,

I )('Nl'I'ipt j01l1l1' IhI' it{ I'plt'ral illf~ llows ~I H(li!'l \ h('!'!' run Ill'tlt'('l'llllll hu+ 111'1'"il hOI It
a HlIlllll Ih('or!'t kal ha:a· Iroiu whit-It to ('Olllpnt'(' Ihouu ttl! 1'1'l1'\'iHlI fit udv (\Xi~ih,

iii t lu: lil!'l'atlll'f' 1'1l1!I'1'1'l!iltl~ l'XPlllll'ltl iul 110\\,,,, TIt(· li)lI11Wit 11'. purt of Ihie. work
" Pill't III '. is IIt'dkat!'.! 10 IhI' Ih!'ol'!'lical .unl uuun-rirul allah'~i!' of 11I(',,!' Ilow«,
in onlor 10 pl'!1\'ich· u propl'l' 1_\l'lllllll!illl\ fill' (,OIIlJlill'illl.\ HIIlI \'I'l'if~'illl~ thl' data.
'I'hi« tl\;<1\ f)l' Inrthor i1ltalr~:h. alltl roiupnrlson j~.tllm. Ih'l'I'ITI'llulllillh!' fi\'Il!lW:'j:.

Ill' pnrt IV,
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in till' RI' - .1'plane. Its value ill 1111'data )',I\'I'U previously ~ho\\,l'(l au iIlC'l'I'i1silll'.
11'('11(1with i1!('l'(la!'illf.~ raIl's ofoxponontlal 1l1'('<,]t'l'Illioll, Fi,\III'<' 11.IIi lu-low shows
1111'vnriut ion of this purumvtvr wit h il('('l'll'l'ilt ion fal'l or ~',

k

Fi1'.IIrt' ~J,l.'i: TIll' vnriatiou of I hI' I'XIH'I'illlI'1l1 ullv IlH'il}<l\l'I'(1 iuiuhuum nilll'ill
HI'YllOld~ 11111111,('1'wit h Hl'l'pit'ml lou ('ill'( or k: ., IIlI'il!·,\U'1'1I rlut it; ,l't'I',l't''''
slon ('\U'\'('; 0, ('(111'1'('11'11valuo !tll' EXPO; [J, t hl'ol'l'l irul lhu-ar uiiulunun nit kill
H('YUIllth. number Ihl' slt'atl~' pip!' ('IIITallI'(' flow [.\1l1wl '\' MosH (1!)!l·!)I,

TIlt' vahlt's for' hI' mluinnuu nit kal HP,\'lwit li'l 1I\\1l11H'r \\'1'1'1' ('xl rill" P( I :<illlllb' hv
taldllg lilt' IO\\,I'~t dala pniut fl'UIII lilt' nf\lIl'l'S !I,1 to !l,t.! allow, 'I'lu: vnlur of
", !lSI'(! WiI!-I I hI' Pl'PK('I'i1w(1 valuo which was not Iplitt, I III' uctual value l'palis!'11
ill IhI' llow1, A :41'0l1f\ ('Ol'l'plalioll is ('vitll'1l1 1)('1\\'1'1'11 t hI' iH'('ph'l'at ion fad 01'
uud miulunuu rrltleul HI'.\'lwhJ,. 11111111,1'1',All 1IIIIa WI'1'1' virtunllv I'ollilll'ar, wit h
a low 1I11('('l't aiHIY, HH shown hy I hI' Hhalit'd I't'gioll ill jjl~lIn' O,l.'i, TIll' t')('al'
I'plalioll!lhip 111'1\\'1'1'11 ill'I'pit'ratiulI HIIII I'l'itit'al HI'~'llolth; 1lIt11l1lt'I' \\'1'1'1' I'\'itil'llt
111'1'('; hinhpl' 1U'1'l'it'l':I t iou~ u-mlt (III iII iU('l'(la~('d vuluos of (II(' I'd I iral I )l\l'iIIUI'II'I',
'I'hn« the' datn jllHt ili('d thl' cnnuuuuly hl'ltl 111%'[' llil'l' HIti'll (1mi]), I>l'ilzill ,"
IlI'ill (1!lK1)j (linl atTPll'l'lllioll hli,hilbt'~; II Ilow.

TIll' onlv pour l'ol'l'l'lalioll III thl' 11'1'1111\\'Wi shown 11,\' IItI' poiut lin' lilt' 1('1':
EXP< ~ • Olll' of tlu- hil',hl'l-1t 1lI'("'iI'l'iltinll I l'hls. wit It". D,Oi, 'I'hr !lUlsl 1i1;p1,\'
n-nsnu lor t ltls .lat 1\111l)(Iill~', 1)111\\'a~ thnt t It(, 1(l\\'('~1 rlut a poillt ill HI'Ylloith
1I111111l1'1'was f'pllriOIlS, Ohl-1l'l'\',l1 lou of liglln' !I :I Mhm\'!'(! I hat t h(' I hit',1 f.t at ion
Iroui I hI' 1'Illl'aW'I' hall all 1I1l11l-1l1all~' low nil kill H(',\'lloltl:. IlII IIIIlI'l', HI'IIlO\'ill or

litis lluilll Illalit' thl' llala ill Ihal liP.1ll11 I'ill' Ilion' 1'I'I',II!al', Inrorporatiun of IIII'
lH'~1 lo\\,(,~t Jloillt U,', l:ili:lO iu liuur« !I.lii 1'(,lhlt,(,(\ thl' \'ariallilil~' III Ihili 1'1lI!
1'illhslillIl iilll,\', 'I'ho ('01'1'1'('(('11 danun i,i -hown i\~ nil OIH'11 !'irdl' " ill I hi:; lif',lll'I',
All illl ('n'HI itll', Oh'i('I'\'ill iou h. 11)(' do"I' alil',ll11ll'lll 111'1\\'1' • I hI' 1'I'I',l'('~}iiollI!al a
(',\1 ru pula I1'11 IU IN'Il m'l'ph'I'al [nn, all! I IhI' Ihl'or!'t ka! minumuu 1'1 it iral H1'~'lIlllr I~
1l1l1111H'1'1m' ;'1'10 iHTl'lr'l'illioll Ilow or 11 filii' [.\hlwt ,\" ~lo~~i (1!1!lllJ, E~r(lptiIlJ"

7'1'111' \',Iliiltiull uf IIII' lI"wlil!t· \\'01', 1I11t 'lllit" 1"I'"I1"lllial, IIl'(;IlI',I' "IP!'(llliilrtlil'" III Iht,
\,,11\'1', 1'II111m1 ult~'lIilhm ;1(1111I1I11'1(1I'!t'1 III ,\ 1,lh'l IloIlI "I till' 11"111;,. Ih .. ,. '111,,'>,1', , ,I Ill"n'
1'Xi11'1I"l!',llll!'h'r will hI' 11'",,1.
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Fi[',IIl'P n,U: TIlt' infi-rnxl shapl' of t lIP ",1uhilit v (111'\'1' aurl \\':1...11'110\\'111'1'1\:011 ill
till' pip<' I'IlII'illl<'l': (u). 1I'1',ioll of liuenr ur small amplitude illslahilit~'; '. cou-
\'('('tion IIIH1",l'Dwth of ,jj,;j1ll'hal1('p,,; (hl. 'Iront ' at wlilrh tI11'I111\1'11('1'O('('1Il':';; (c).
l'I'I'.iou d ..:-;t,thili~;t'd by lal'gt' cIbt Ill'lmlll'l'!<\ Irmu I hl' lulou \ (I). 1'!·lil1lvolv uudi-«
t 1Il'1H'd l'I'ldcIlI of Ilow }i('1'1l I'Xjll'l'illH'lllall,\',

0.3.2 Stability V('rHUS inception

TIlt' nhove iutorpn-tutiou of till' data. h,': its sitllplidty. igtlol'(,;' SOlllt' ruulound-
illl~ factors. 1Ii\llIl'l,\' that t hr do\\'w,;II'I'.111I shit· of t hI' h,\'I)()1hl't irul xt i.hilit,\' ('111'\'(1

('xi:-;ts within it 1'(I1dClll snhj(l(,tl'd til vnriuhlc !t,\,pis of Ilultr-muplltude distur-
halll'(I, '1'1111:-1ill l'l'alit~' t hl' hOIll' of idput il:\'ill1'. Iht' I(ll'\\'al'd port ion of it ('\11'\'(1

('Ol'l'I'S)Hllllliul\ 10 IhI' stahililY limit I'lli' it ./il! tI h'wl or diHImllilll('(1 iH l'I'lIlntt',
III ('01,1rust I Ill(' upstream portion of t 111' st uhtiitv curve i4 quito pl'o!mbb' t !tI'
i'iti~hility lluut (If It n"II!llillitl"lIl1lplitlllh 11'\'1'1 of t1i~tmhillll'l" IIII' h·"PI of 11t(·
1'1'(11"'1'11'('(1111ouvlroumvnt ns e1l't (I!'1l1itH''' ill 1'\(1('1ion :-;,,1.

H(';;1I1Iill!~ Innn tili~, a Ill'H/·.lllalit' solutioll i:-; to ~illl)ll~' (\I'llllll' 1It(l til'st I)(Tlll'·
I'I'W'I' (Ill 1111,11 phl'Ullllll'lHll! at it pnrtirulur slut iun th(l poi lit llj'iU('(Iplioll, Thi«
I\\'()id~ tIl(' cliliil'llllic'~ or itit'lllif,\'ill1\ ~'tahilitr t'lIl'\'P:, wllhiu 11 variuhl« «uvlrun-
uu-iu alltlll'(\tls til l1U unnruhinuou« t1l'fillitillll oj' 1111' l'I'l'.iOIl or Ilow lm-alalowu.
It is not that thl' ludivklnnl iI~P('1 ts of traw.ilillll an' uuhuportunt, mtlt(ll Ihnl
t lu-lr ith'utilkat ion j'l dilIirlllt ill 1111' c'tll'l'PUI l'Ollll'XI.

9.4 'I'ho minhnum ('l'itical Reynolds number

Whi1<' till' :;hil}l(' illIti pn,;itioll of IIII' :-itnl)iltt~, ('tl1'\'('''' rln not ullow Ior mutual
C'OIIl)lal'boIlSh• tIll' \'ill'intiOl! or tlll'il' miuhumu I'l'iliml HC'\'IlOlds 1l11IUhpl' wlt h
ll('c'I'!t'l'ill lou was (lin'I't I:.' ('olllpamhlt·, 'I'h« miuiuuuu nil kal H('~'lIolcl~ 11111ul: I'l'
i~(Idillt'clt':; I hI' Ht'\'uolclH uuuihor oil h(1 niiuluuun point of t ht' itH'C'PI lon tI\I\'('

"In part Ill nf 1111' ,.11101,\'111,11 f"l1..\\',,, 1111' .11"11\",1'. 'it ',UlI,th)t· Ir.mu-wru]: will lu- illll'll,huc'cl
ill whirh "lllhc",(' ,lill.1 ('illl hI' CIIIlI)l.lIC"1.
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thai this Ilow broakrlowu was prhuarilv (hiP to l'OIl\Trtioll downstro.nu al 11ll'
moun velocitv, or 1011'1\('(listll:'j,all('p:, orininut illr~ further upst n-nm. aurl lllt'ir
sllhl'('qllt'llt dt'sl ahili~illg of I hI' 1I0w, This ('olwhlsjnll was runuhurutr-rl h,\' I lu-
nut uro of t ho Ilow hroakdowu Iurt lu-r dnwnstrvum whirh :-;llll\\'l'd Ihat !ll'llI\I'('ssh11\
downstream. t lu- hn';> kdown pIII'1I01l1l'1IOll IH'('ilIW' 11101'1' lik« a hard (1'011\'1'('1I'd)
turbulent Iront.

9.3.1 The leeward side of the stability curve

rll['Ol'tllllatPb', t lu: 111'(':;1'11('(' of till' lan',l' runvor+vr] (li;;t1ll'hall('('~ Iroin till' up-
,,11'1':t1ll ill;;lahi1it~' 1'(,dlu'I'11 nuv jH)';"ihilit,' 01 ()h~pl'\'illf\ Ill!' (nil' ~.haJl(' of I lu- sla·
hilit,\' rurv« CPI t lu- h'I'\\'ill'l1 01' .lown-tre.m: sidl' or I Ill' miuiunuu C'l'itkal jloint.
AllY dist Ill'1mllt'I'S ol'ip inut inl\ ill I hi» iululuuuu point \\'1'1'1'lila-lv to ,'OUVI'(" awl
grow I10\\' Ilstl'('i\l u, II'ig!'.l'l'illg l'ilph I 11~"Pil~H t~'JlI' t I'il i.sitiuu , illlcl 11l\l!'iSillollll'ri 111\
all~' iuriplout gl'oWI It or smnll dist II1'haw'l's ()('I'111'l'iUf', I horo", It \Vii:; 1101 IHH;sihlC'
III t oll wlu-ther t II(' downstream disahilil,\' was IhII'I 0 local bn'al;t1owlI 01' ('illli'il'd
h~'(11':-<lahiliHaliol1 11111'to ('Oli\'l'dioll of)al'l',1' Pl'ltlll'1liltio.t~ Irom upstrvmn, qllill'
llossilll,\' it was a rumhiuat lun 0[' hoi h.

'1'111'1'1'was il hint of till' pr('s!'lU'C' of it ~t ('('P In-ward ~itl(' of I hI' l'l\n'l' ill I'>OIIl!
Il'sls, This waH (':-<pl'da!l~' so ill Iiglll'l'l' !I,:i und !I,!i, 1I1'l'(' slum lv aft!'l' IhI' miui-

IlIlIlU t'l'ilkal poiu; th!' duta ill!'l'l'aSl'd ill HI'~'llOhb 1I111111wI'l'aphll~', while further
downstream thl' value« of R« tipI'n'ltsl'd agahl 10 \'0111(1 to l'('sl approximr' olv 1111
t ho ('()lI\'('('!'iOll llno, III tl't'lIlS of IhI' :-<iul\lt, :,1mulanl til'\'ial lou ('1'l'O1' hiLl'lishown
ill t h('~1' rlut it, t hC'H' 11'(lllIls \V(I1'(' Hir.\uili{'llllt. 'I'ho K\lP\lo~l'd {)lHwl'vatiolt of I hI'
loowaul pari of Ih(' stahilit~, ('IIl'V{1 \\'I\S rlue Jlossihl~' to hoth tho luunt« varia
ahility of t h(l Ilow hronkdown awl I lu: nut l1I'(I or I hI' ('{)11\'('('1iuu Pl'O('PSS, Finilly.
('(lll('pl'llilll', Ih(' vuriabilttv, Ill!' dutu was al"'l'lllhll'll Irom tunnv tlbtiw'(. 1'1I11S,If
a 11I1'IISIll'('1I1l'1I1 dowustrvaiu of IhI' mluiunuu I'l'iti(';,l point wa" 11111<11'wlu-n Ilow
hl'l'aktlowlt at t lit' (Tit irul polnt was 'Iut 1''' I hou lurul l1'all~,il lou wOllld bl' :-<I'PII
at I hill polnt. S('('oIHII,\', ami po~,.ihb' mor» iiuportuutlv, slow 1\lOwth Ill' I ill' inl-
tiullv Hlllllll (\istlll'llilll('(':-; wOlIlII huve Il'1't it luuul ul IP\i\ti\'('I,\' 1IIlII('rllll'111'(\llow
II I'lho!'t d bt illH'1' (IO\\,ll:<11'1'11111I )('lill'l' 1,1,l'owhll\ Iml',l' l'llolll\h 10 I rig!,.!'!' t 111'!l\"llll:-'ii
nnx-luutixm, Thill h~'pOlhl'~li~i i~,ill(lknt!'l\ in fif',III'1' !I,l-1 b<,jo\\',

Ilvre. (1i~1Ill'hlllll (,,. t hill 1'011\'1'('1 (10\\'1IHIrrum luun u'l\ioli tid lIlighl 1)(' -nmll
1'110111\11 aud grow rolntivelv -lowlv \111' \!'III,1111 htahl<') withtn I'PI\iol1 (II), 11111';
ullowhu; I lu- ilpJll'al'illl(,(' of .1 small jloll ion or t hI' !I'l'\\'ilnl :-<1uhilitv ('111'\'(', By
titl' tilllf' Ihl'~1' disll1l'l111IlI'('" It'adl liuo (h), t lu-v I'!' lill'l',1' 1'1:llIll'.h 10 IIWIt'II',o
mphl 1l'all~il ion 10 turbuleur«,

"11'1 I' ""Ilhl' hnth 'lornl' ;1I1t1 'w.i-h-ilown' (lilll"illoll ilfl' n-allv IIII'ill 111 uutun- 1I.. rh un-
illil iiI! I'd hv lin' 111.,,,,1111'1'or il db; mllt'11 ('1l\'IlIl111Ill'II!: ill lilt' ''01',1' "f !hI' 'tr.ulit iunal' ilt:;t .rlulitv,
t hI' Ilbt nrhillll't'" ilrt' smull w!lI'lt'i\" ill tIll' 1,,'·pilI,', 'mlll,it ion d"II'W,II'l'illl1, IhI"," cll";1ahilhoiul\
illlhu'ul'I'" un' of i\ 1<111\" "('ilil', 'I'lu- ,/711111111 /'" II. ,dllllll~ ""Iwlt u] I Ilihult'll{ "hW,1i Wil~ (lhC'llI;',1'11

hv ,IiI Silva (l!l!l\ll,
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Figlll'P 0,1:3: 'I'll!' \'arial iou of l'xl>l'l'ilut'ut ul crit irul HI'Y1Wlds 11111111H'1'with axial
positiou , lor 111('Ips! UXl'A, Linl'!' of nu-un Ilow '('Oll\'p('linu' ill'1' abo shown: (u)
IHu'ul1('1(h'wlo[llll!'lIt I'!'giou: (11), outraur« l'I'Aiou: (1'), mininnun rrith-a; point,

whor« ,I', iH tho axial pw;itioll at which Ihl' Ilukl ol'igillall'c1 nt thn« t (l,

EI!Hal ion (!)'1) Ihll~ I'HIllhliHltl'1i I hI' dlsplucomout variu I ion of a llHrlil'il' of Ilui. I
tm\'(\1lilll~ at lh" moun Vl'lot'ity with thno, AH till' H!'~'llOhls muuhor wus a
Iunetlon of tiin«, tit!' variuriou of I Ill' (li;;llla('('IlI!'ut with H!'YlloltlH munhor roukl
thou 1)(1 llil'l't,tly as('l'l'faitwtl, Tltl' thid",r lino ill fitt' ligl\l'(\ I'('Jll'('~('lIIH fluid
that wa;! at thl' pip!' inlo! itt Ilow HtHl't'IlP, 'I'ho l'l'gioll uhov« this, til'lltltl'ti (a),
('oul uins Iluid Ihat. if tl'lWt'llilll~ at 1111'menu \'('lol'il~', (llll('I'(I(11hI' pip(' sllh:;l'qlt!'111
to xtnrt-up; t hal iN, flnid !'(1111111'iHiug!Ill' ('1111'11111'1' How, TIH' 1'I'gioll (h) hvluw
thi:; lim' ('olltitilll' !I()\\ 11m! orighmt!'(1 within IIll' )lil'!' at til(' Htn!'t or 111t,11':-<1;
i.o. ll()SH(,~Hilll\ "a!twH of ,I't from I'll IIa! ion (Dol) 1\1'l'rtt('I' t him I.1'1'tl. Fluk] ill t hj~
latl('l' l't'gioll romprlses Ilow Irmu t ho jlal'al!t'l cit"'l'lollllll'llt pilrt or 1111' Ilow,

('J!'lIl'ly t ho point of How hrrukrlowu is well wlt hill t h(, I'Ull'n'II'(' l'l'I',iOllllf t he Ilow.
'I'll!' i!H'l'ptiollllllilils ttl I Ill' 1,,1'1or 1111' Ii/\lIl'I', OIl Ihc' upstrrnm ~iith' of tho ('111'\'1',

m'c' vlcnrlv l'('I11'('i"iI'Ulali\'t' ofl(l('nl flow hl'l'ab\owll, Plow Hl'l'ivill1\ at thl'~t' points
has '(l'nvl'lll'(1' 1l\)\ll'OxilllatPi,v I,l()ug litl' 1'1ll'\'(,:1 »hown ill thl' 1i1',ltl'pl, IltHH it hit;;
('0111(\Irom unrllstnrl.«! l'!'I',imw furl 11('1'npstronm. 'l'ho unninnuu (lit iral )loillt.
(c') or IhI' C'X}H'rilllt'lll al dat H !'t'!l"t'tWllIH lilt' Iirst I illll' wit hill I ht, I'ul irl' pip(' u I
which ill!4!ahilil,v ()I'('IIlS (tillll' hl'il1l'.IH'uIHll'titlllHi 10 H(',\'uoltb 1I1l1111l(,1'), 11111;, its
()('('lU'l't'II('(' ruukl uut Ill' iulluoneod bv di~t.lll'hl\lH'(':; Irom nuv olh('t' l'('[\ioll of II\('
Ilow. Tho it'a(lhl[\ ('tlnp of tlj(' ill('Plllion ('\l1'\'!' tipsnillt't\ nhnvr- t'Ollltll'(lllt'I'i\'Hhly
ha\'!' 1)('('11(11';,1ahililiPt! lW I Ill' iulluouv« of IhI' uiiulunun nil irnl point. hilt Ihb
wuuld luw« H'(I'lit'('<i dillu-lui; of 1l1t' di"llll'h1l1lt'l' h.lhlt'II(,t, IlJl~;tl'('a111 withlu I hI'
lunmdurv In~'l'l',III l'Ol1ll'ilst, Iht' dowu-tromn part of titl' illt'l'lllitlll ('\Il'\'t' Wi\:,

vlr: uallv ('tliudtll'lI! wit It it curvo of nn-nn \,plot'll~' (,Oll\'t't'linll, TId:, illllit'al('(1

iil"';~';I::t~'I:,;m l'III1\'1'l'lllIlI ill a [\11'0111'11'1'1111'\11' 111,111 t lu: .nvau ('IIl:,!i";',I'l'lltitlal vuhu- will 111'
It'pp'w1IlI'll b" iI 0111111<'\\'1'1'IiiII' thuu Iltl' 1\1\'1'11 1'1Il1'1';" ;11111 :,111\\'('r t'tlll\"'l'ti<,lI hI' il ;,I('l'lIl'f Iinl',
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9.2 General

'1'1:•• oxpouen! iul variation of t hI' Ilow wit h tiiuo Ill,uip Ill(' Iwo Ioruis Ill' dal it

l'(llll'('Hl'lllntioll • ,I' \'H, J und ,f' \'S, Hr· uliuost vquivalout, Th.. Was 111'('II1\sl' t lip
Hrvuokl» muuher ilJ('r(la"I'!I11101I!ltollkall~' with lim!', :-it Hl'tiul', at Ill!' pipI' iuh·t
mul muvim; dowu-tro.un, all dala showvrl a <1l'('n'a~(I iu thl' trnnsil ion H(',\'llllhb
11111111)('1'with nxinl positlnn, A uriuluunu value ofHl'yuoicls iuunlu-r wus l'I'i\('h('(I;
t heroultor tho lit incroasod with t lu- axial positlou, 'I'lio axial ('x11'1l1 of this
\'arial ion uiul t hI' po~it ion of' till' miuinnuu poiut varied I'ollsitl(ll'ahb' bl'!Wl'l'll
1('"ls aml nn 1'11'<11' pattern WilS :-iIO\\'II, Th« POilils 011 Ill!' gl'aph an' as~;odall'll
with IIII' irlvntilicutlou of IIl1' lirsl lilll!' within till' Ilow thaI it dis(ill!'! d('\'iatioll
Irou: I Ill' luminar :-1at (' of (It-\'('Iopuu'ut IH'I'I11'l'('<1, 'l'he jll'()('('s.., of itll' II I ilit'a I lou
waH 1!l'HI'l'ilH'd ill I!('tilil ill ,,1'1'1ion 7..1, The error hal'!'; al'l' shown nu t ho ,I' - I
plot, TIlI',\' hulk-at I' Olll' IitalHlal'll Ill'viatioll ill tIll' vuriut ion or I Ill' twolv« 1'I'adill!\~
taken ill Pill'll lll('asl1l'ilin stutiou, III most (,,,Is mriahility at all ;itatioll~ \\'iIS

similar; !t11\\'('\'(It' ill a Iow l'ili'iI'S I ~H' variahllitv at pilrl kula!' point,; \\'01;; 111111'11

higlH'l' thun [ill' otitl'l':-;, This was 1I11l11!'.ht 10 Ill' tllI<' til ]lOOI' PflsitiOllill1'. or (III'
L!)\' ut I hes(' Htatiolls, III gl'llt'l'a\ thl',,(' poi uts show It later moun Itausil ion
vnlue thuu thl' SUl'l'(llllllIiH!1 Ilat,l, which is illllkali\'(' of itulllOjll'l' illi)',llIlH'111 Ill'
IIll' IIll'a~1ll'illg vohuuo with Ihl' point or 1lIi1xituII1U ....('u:-.itivity til iustuhilitv:'. lu
luw<1 ('a~(,Han illlt'rpola(t'11 mrvo \\'()11It1 iii smoot lib' Ihl'lllll',h alii hI' dal it wit hill
tht'liplml'l'i, for lnsttuuv ill nl',m'p !I,!Ii h()\\'('\1'1' ill It Iow t('sts. t11(' (lata SI'(,llIl'd to
1)(' (Il'iillilll~two 1'\I1'\'('S: 0111' t'iho\\'ill;'; a I'ilpitl itll'l'('HSP ill Ut' with ,I' itWiW from IIII'
mluinuun pniut, ,"hill' tIll' 01her, lower 1'\1I'\'!'. pO~~l'l'il'l(,(\u 1II(l\'!' Ill'a<1l1al slo)ll"
1\111\ ('X(('1111<'<1I'm I lu-r Ilo\\'lIsITPIlIlJ, Fil\Hl'I' !Ui h< a 1\ood exainpl« of such a I('~t,
This hi:l1H' i" iHlth'l'~s('d lu-low,

9.3 Local and convected Influences

TIn' 1',I'III'I'<lll1l1ll1l'l' or tlH' trausitlnn wlt hiu I hI' pip!' 1'1I11'alll'l' i,; h('}it l!ltlsll,L(1'11
b~' ('OIlHitlt'lillg a H1H'l'iIi(' 1(',,1 with IL well tlh:ll'ii11111't1 ~I't nl' !lOillls. A 1',OOI!
«x.uupl« is rho Ipsi (iXllA HlIIl !hl' R, • ," dalil or 1i1',IlI'(, !l.!l is S\toWII Hl'.itill
Il1'lo\\',

Slllll'l'itllll()~,('(lllll I hi;; lil'.lll'(· is it h, t Ill'lilll''', \'I'pn'}i(,lllill!', It'llj('I'lorip" ol'Pill'lic'h·}'i
lUovilll'. nIl ho moun 1·t'(\~S·:'I't't iunul volorit ~'. 'I'h« ('<illal lou [ill' Ihl'''(, lill('" WolS

"ilujlly IIt'l'iw,!: I Ill' vari.uiou (If uuuu \'Plod I,I' ill (illll' [III' IllI' lluw wus 1:111)\\'1I
t'xll('l'itlll't1lall~' [WI' ~;t'('lilltl ',r,], 11111"h~' illll'!\l'aliIl11 (hi .. quantltv with 1'I'''llI't'l
to tiuu-, thl' ch:,plal'I'llll'llf or Iluhl ill IhI' uiouu \'l'll1df~' ('0111<1Ill' mklllall·t\ a:i

"1(1) rf nI)rll I ,""
./"

'~[j>"tli!;ul!Il'1l1 \\'IlIlhl n",lIlt itl 1,111'1 (,lilt! molt' vtr.u ir) Ill' 1"III"IIII'lit uf tltl' plll'lllllHl'lIoI,
111'1',,11''''"'1I1t' 1\[011'1 h 11'1111111huvt- III IllTl'!, Il1'fllll' IIII' 1,,'rlnr(J,ltillu', 111111.1 I"'('!lilli' I'l',lh("

(11.1 ;
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Chapter 9

Experimental results
i.nception

III KI'('tioll 7..1 it was !]I'H('l'ih(ld how ilH'('1l1 ion tlat a \\'(11'1' gatllt'l'P(1 frmn mor« or
h'ss (IV!'llJy slHu'pel llH'llStlrillg statiOllS throughollt. the' pip" (I11ll'alJ('1' J'('gioll, Ou
i\Wl'ilg(' ahollt IC'u tliU'(Il'(lllt axial statiolls \\'(11'(' ill\'('stkat!'<il)('l' tpHI, awl twclv«
kleutleul runs \\'(11'(1 ('01Hl11I'I(1(1 Irmn wlthiu tlJ(' bonudarv law!' for ouch of tIlI's('
stutlnn«. Till' radial poxitiou of IhI' polut of 1lJ('USlI1'(,IlI(lllt [ill' til!' twolv» t rae'l's
was at onvh statlun Iho point thut sbO\\'('(1 tilt' f\l'(Ial (I~:t umplitudo of <iisllll'hall('I',

'I'his dm!>t or 1>1'1'1'1'111 H tIll' ('xlm('1 (Ill timos of dvvlat lou Ior all I h« cxporiniout ill
IpslH, TIll' (i(ltail(lcl uuturo of IIll' Ilow lnrukdowu uud Its ('nt(lf\ol'islItioll wor«
(liH('llHSI'(1 ill d(ltail in H!'('lioll ("I awl will not hI' l'laJ)(ll'll!l'd upun further. TIll'
datiL h('1\' 1)1'(';;('ll((I<I uro SitllIlb- t h(l IirHt puints of <II vlnt iOllt Iroiu IIJ(' IUlIli1l1l1'

Ilow 1't onrh iuonsnrin-; st at inn.

9.1 Inception timos and Reynolds numbers

Till' iuropt ion data aro IlI'(lS(IIIII'd hl't'(1 ~(IIHlrat «lv lor I'ndl I('~:t, 'I'h« Iollnwhu;
fil"tll'(IS show tho vailutlou of titl' raw titllilll!, dala awl (11(1 nitkal H(lYllOhls
111111\1>(\1'with axial jlo"ilioll, '1'1", durn Irmu (,Hdl t('~1 arC' PI'I'S('1I11'11 ~(IJlal'llll'!.\'
1>1'('III1SI'1ItI' (li IIII' nslo 11ali I~' of till' I'rai<'s uuu 1(1 snp('l'illli )(lsi I ion 11Il'H11ill !',\Ps:./ ,
However ('olllpal'i:-,oll i~nuulr laf (11' }J(It\\'I'I'li t 11(1npproxlmnt« mininuun crith'al
H{'~'il(jlds1111111ht'l's (titt' mluinnuu poiut or (Ill' dala ill Ih(l ,I" H, pluno) to 1100(1
l'!('('('t. Till' dala II!'!' ,',I\'('11 ill s(lqll('lltiill order tH'lo\\' itS fi",1l1'PS !I,I to !l,t:.!, 'I'ln
HPPl'mdllllllp i\{'('(lh'ratioll ('(lIl:-<lalll;: I., UIII ('o\, ('ilch 11',,1 ill'(I itulil'illt'd Oil t1J('
HI.\lIl'(I;l, awl !lIP orror-burs (lpUOft' Oll(' stmulunl dvvintlon.

'7'1'1~I' dvliuitinu uf (his u-nn \\'01' !"i\'l'u ill "" r Iioll ;,,(. It \1'ilS lit'lillt'd W' fIll' uuu- of liN
Ill'pilrtllll' nr tlu- !lllW Iroru tlu- "!lIIpll'lalllinar stut«, 1l"',ilIll1l'''' nl thl' nature of tIll' .It'partlnl'

~Tht' riu VI'" !lItl'rM'I'1 ill it r.uuhun fil,hion ill I h.. ,,. • Nt· 1,111111' wlu-u "lIpl'rilllp"""tl. illllil'illillil
thut tltb Ir.uurwork ill illOll'ptopriat" ror their tnut ual rrunpurison.
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Thu«, l't'Aat'lll!'};s ot' tilt' \'al'iatioll" or II' ill 1/. tilt' uubmunled hehavionr if, ('Iltin'h'
('olltaiu('ll ill rho term Wu. Figlll'(, 1O..l sllllWK dl'i1t1~' Illl' hOllUdt'd I1l'1llI\'iolU' or
th(' l'l'lI(ll'lllali~('d Iunctlon 11'.

('an' w','11s tn hI' tukon is if II' is Hl'tl'd Oil h)' ,UIII!' function: lill' inslalll'p it'll' j::
<lWiot'Plitiatl'd with 1'1'~IH'I'I to .1'. I lu-n itK oxpuusion ill 1(,1'IllS of II' Hull It'o UPI'I\:;
to Ill' dl'iill with 1I:-<illl'. Ih(' )1l(J(IlU'1 law or dil[PI'I'lIliatillll .• \s 10111\ us siu-h ('iIlP

i~ t ,,1;('11. llO l~l'llI'ralil~' will Ill' 1!l~I ill t IH' n-nununlisor] n'pn'''1'1l1 at ion. [1' II' is
(liIl'l'l'l'llliall'cl with n'~pl'd to !I, 1111'11 tl1l' pnrntueu-r Il'U is "imply n ('ow,lalll.
wit It l'l's]l(l('t til Ihi" varinhl«, nml run Ill' 11'l'al (II! ill IhI' I1s1l111 wav,

'1'11<' aualop,I!llH :ii!lwtioll l'xi~t" ill ",I'IlI'rnlly a(,('pit'rill illl\ pipl' llows: h!'l'(' I ln:
Ilow-nu P, mul 111ll}; t hI' voloritv, \'lIl'h·s ill uu 1l1lhOllllt\PI\ uuuuu-r, If I Ill' I !'l'11I
U' ['(1) i:l tukvu loll!' t hv iJ1KI!lllti\IlI'!lII~ llll'illll'I""""sl'(,tillllal \'t'ltldt~ .. Ihl'1l11"
t1i1I1l'II'.jol'al ('(Jl'lIid"lIt~, 11'10 ,I'll HlIIl/III ill (Hl,:.!!ll iLl'l' 1101 roll~,laut with 1'1's\H'1'I
to t, F~ill~; 11ll' pl'illl'ipk~ o\ltlilll't\ nl.ov«, till' \'!'lllrit~· II. IH'I';.~illl't' P allt\ axial
rn-or ,tlml (' ,I' ('1\11 \)(1 rouonnnlisnl, such I hat. l'f'I~a\'(ll"~}1 of I hI' vnrlat ion ill
IIIH1',IIit 1It1!' Ill' It. I Ill' I!hlH'll~itlllit'~~. \'ill'iahJp'i II 111111JI will romniu of on\!'!' uuitv,
'I'lu- INIIIS ,"II !l1H1 fln lIl'!' 1It11 llilli'l'l'lItiall't) with rl'~Il!'('1 10 I, titw' thl'~' lll'hm'('
a,; l'OIl~t alit 1'i, '1'111':-1nll'lll1'lIl [ill' tIll' rouonnullsat ion of /I b

11(.1'.1,,1) nil 1111,,/,,1), ( !D,:.!!)

":-';1111' thil! II' h 1I11t wuueu ii" th" 1111111' ,'11111111011 )lnulill! lI' .\'{,,.)1'I'I) ill whirl: tilW
lit'lIt'mlil\' I' lo,t,
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:\ sll'aightlin'WCll'l1 suhst il III ion h,\' ill~pl'{'1 ion Ior tIl{' dimrusiouul ('ol'fIil'i('nl H
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Fo\' all hUlllllsi\'l'h' slarl!'!\ pip!' Ilow, i'inilstitlltioll uf (lO,)!)), (10,20) intu till'
gov" 'lling «quu I i(llJ~ wlll rvrovor (In S;\\'1\'1' (I !J!Hlll'('liltioll14, lnu ill t lu-ir pritllil i\'('
varinhl« Iunu. Ilowever, lor I hI' lHUl't' 1',I'Ut'ral ('a~;1' of ,H'('ph'l'at ill!" Ilow, 1'111'1lu-r
(,Olll' ith'ra Ilou 1l1'1'd~ 10 1H' gi\'t'll Iu tIll' 11:.1'of t h('~(' 1',rollJl",

10.2.<1 Strongly varying Ilows

In th!' (linH'llSiolllpH;; H1IhstittitiollH (It)..?O), IIH' tavit ussuruptiuu iH that th(, diu
ntonslonul tonus rr, R. I' and fI 111'(' consinnt. 'I'h« dhneuslonnl vnriuhlcs nro thou
simply !>i('I\I(,t!h~' Ihp,:(' fal'lOl'H to I'PI1;\t'l' t hom of uuitv manuiuul«, I!O\\'/I\'('l' It

caroful luok at thp (('l'lIlS (HUlll n'\'('(\ls that Ihl'l'(1 ii'i 110 inut hom.ulrul rrnsou
whv I hp 'ronstnul ' 1(II'IllS (,I'n, ro, In, lin, 1'110lIn) 11(1(1111)(' eonxtuut al nil, II;; 1()1I1~
liS t hoir suhscquout suhst it utiun i!i I!'!'al!'!l ('oI'l'PI'lb'.

To lllustrnt« Ihal [hiH is so, ('oUHhh'l' SOIll!' gt'lll'l'al Iuuctiou 11'(,1',.II) of two vari-
ahlt'H ,I' aut! II ill IIH' I'Hl1g(l ,I' C [(U'J, II (: [1I,IJ, .\1':-!1Ill!1' t hnl I lIP fillH'I ion
Vlll'il's ill ,I' ill ~Ildl It wily thai "Olill' in!l'gl'al qlll\lltily of Ill(' \'ilriahlp [fill' ill'
~;tall('(\ .rtf 11'(.", II1rill] Vlll'il'S without hound, Pig\ll'l' 1O.a giw}>i all rxmnplo Ill' such
it Iuurtton. TIll' !lit'I'I'1 .'rlll~itlt'l'ati()l1 of If' j" not helpful, ill Ihal Ih!' lilt!'!'l' dHtlll\l'
ill lIIi1!\lIitlll\1' of III uul q\lillltil~' liWI\UlP" ali:,' 01 It!'!' vilrial lou thai lllighl
lH' ill(l'l'(lsliug. i\(ll ..I~ill!\th(' hllll'titlL with l't'~lll'('1 101'111111' roustnnt (snv I hI'
illl('I',l'illljlH\ll1iI~' at ~OlI1I' Iil\I'11 ,I' ,1'0) will «implv "l'ilh, 1111' !'uli!'!' Iuucrlou }I,\'

a vousl aut. ~'iI'ltlhl!', lIO iIllPl'O\'I'IlIl'1l1 ill IIH' liPpit'lioll or 11', C[' 1I111n' jlltN'l'st
would II(' 10 l'wa\!' II' at I'adl point in ,I' bv I hI' illll'g1'll1 qunnritv 1/1 t/rlll poiu},
This rt'llol'1I1alisalioll of II' \\'i1l1'1'1i1l11 ill smul' variahlo II' whirh is PI' (lnle'!' unltv
evrtvwher« ill tl1I' mill;!' .1' ( [0.1.] 1'I'I\ill'dh's~ of IhI' vuriat ion "I' t hI' oril'.illal
1'1111('1 ion 1/'. Th« vnrinhl« 1/' mil hI' wri: 11'11 ill 1',1'111'1';11as 11'(,", ill 11'11(,/')11'(,1'• .'I),
wh I'!'!' 11'11(,"); .I;; 1I'(.l' • .'I)riy j~ thl' illtl'g!'ai qunutitv, Impunuut to Iwll' ix t hnt
1;'(""!Jl is sl ill <I !\I'lll'l',ll Iiuu tion or ,I' <11111.'I. hut it~ .'I dI'III'udI'1I!'t' i~hOlllll\t'd,
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('\'I'1'y\\,II1'I'I', Th!'~1' initial sp!'dlkaliolls an' nulv ~I)('dlk tn this studv, hut unv
initial \'(IIO! ltv Iicld coukl Ill' }'IH'('jfi(,c1 and iI~'1'1l1jllll'all'vnlutiou ~tllclic'el.

10.2.3 Scaling

Till' primltivr l\i\vh·l'·Slni:c's !'qllalious (10,1'). (IU,!l). awl (10,10) (h'sl'l'illI' allow
~,vl,tl'lll ill Il'l'l!lli of dhuonsionul \'ill'iahll's Tit!' n:,1' or ,lillU'll;;i(lul!'~" /',l'tlU]lli allows
tit!' itul('IH'lHI('lll niul (lI'IH'll!h'llt variahlo« III ht' !'imh'c1 iu I('I'UIS of dillll'llsiouai
Inrt (Il'S (tmdl m. pilll' rudiu«, \'ili('()c;it~·. 1'1r.), such I hal tIt!' 1'(,!Hllt illP, ('qnal iuns
al'(' itU!l'PNU!1'1I1 of tilt' :,('ah' or t lu- fi,\,l-ilt'lllur 1.\'IH' of lluid, TllI'I';" dhnonslonul
Iurrors ('lUI usually hI' ('OUlhitH',i into Illil' Ill' tnoro puranu-trl« gI'OIlP:,. :,m'll that
gl'olll!'! l'il'lllly runlonnul :",\'tit1'l1lKwit It it lent icul vahu« liJl' !111'1'>(' )Hll'alUt'( PI'S an'
c1(,:<Wl'iI)('(! h,v II "ingh' snlurlon or till' 1'l'sllll illl'. I'(Ptatioll~, 'rill' HI'Ylllllt!l, 111l1uh('1'
is porluips till' 111m;! t-omnn.nly known such ,',I'tlI11). nut! ruu Ill' uUc!('!'slu(Hl as

titl' ralin h('tw('1'1I litl' illN'tin awl \'i~('Ollh linn'" I1l'lillll ill a llukl. Two Iluws
lit Itll'lIlkal H('~'II()ldh uuuilu-r» ill 1\(,olll('tl'kall~' ,'oll(IH'lllal t-l,VI-i!('lUh will IlI'ltaVl'
it \1'111 kall~"

Furt lu-nuor«, if ;,1 111iK lH'()('I'l'S 1111'(liul!'Il;;hlllh'~;s variuhlr« art' nuu II' I){' o!'(1t'I' mil',
I lieu !hI' lllilf.llit lid I' olunv 11'1'111 ('1111 Ill' I'l'sll'iI'll'd I I) t hI' ,liIlH'IlHjoltal ('lIl'lHd('llt.
'I'his allows 1'1'IU!,Y h!c'lltilit'at ion of Ill'glil\ihll' 11'1'1lI~ill It sY·i\1'1lI tit' oquntiun», uml
thus un IIUt\t'l'stHlllliug 01' lilt' nS,Yllllllolk lu-huvlour of a s~'~I('ll1, For lustuur«,
{hI' till' ('i,r;(' of illl}luIKlwl,\' .~ti\l'l(·d pip!' 1'1l11'l\11('(' Howl', IhI' HI':Vh!lh!s nnmbor
tiulli('PS as till' oulv 1l('('Pflr;nl',V (!l'lil'l'iPI iv« IHU'ltllll'tt'l' [I,«, du Silva {l!HlO)j, By
lI~illl\ tIll' prinrlpul of (Iiml'll~j()llll's" f',I'OIlIIS. for high \'aitll's of HI', It hi po;;~ihit,
til show Ihat t lu: ~~'sll'lll 1H'I'oIllPS iutlI'IH'IH\t'1l1 of Ihv HI'~'Il(llthi llllIU1H'1', TIlII~i
dn Si!'''t was uhll' In solv« n :4illf',il' iultiul-valu« prohlr-m 10 ,h')i('l'illl' nil ('i(fi(')ior
Ugh R, illlllllh;iwb' /iflll'll'd )lip!' ill!1'1 How,

For tltt' rll'(,H!'lli ('Hlil', both llil' (It'IH'Il(ll'lll awl illt[('p!'wlt'1l1 vlll'iah}!'N ol'l'(P1Uliow,
( In.x), (to.!l). tuu 1 (1OJ ()) 1\1'1' Sllhj('('1 t'(1 to it simplo uuu-dhncuslonul 1I'ml IIIt'll I ,
,\11 h'l'm~ lin' l'!'lll'('Hl'llt('(l H~ u lluit1ll',\' vnriahl« or Ol'd('l' OUI' 111llltipli('d hy II
(lilw'u}iiollall'(lt'lIil'i,'ut. In this way, IItt' 11I1I1',llillid!' Ill' II (('!'Ill hi t'oulllit'd ttl ilN

('(l!'IliI'i('llt.. If I hI' {('l'IIlH 1/(1. 1'110jin. ,I'll. 1'1) HIIII /(1 ill'(' Iukou tn 111'Iho fat'( onl of

dhurusiouulltv, thou (1)(' Val'1ah}!,,1 run Ill' l'I'(Il'('hI'IlI('(l il"

," ,1'0'/'

I' I'tll'

lui ( lO,Hl)

1/ I/nll

I' 1'111'

}I )lui',



'I'ho most nuportuut vuuditiou is '11(' iullow ruuditiou: rho pitH' is modelled
as drawiug Iluid from a sfilll'('NPl'\'oil' through II boll-mouth routnu-tion. It is
ussmned that this ('outl'llrtioll i!'i slli\jwd hi ,o\('h it way thai tit!' fIlthl !'1I!1'1''''
lit!' pitH' with a unhonu \'('lodl~' mT(l~S tl)(' pipp nulins, llIHI with n wry thin
hounclury lil~'!'l" 'I'ho iutlow \'I'lo('it~' Jl 1'0 lilt, :,hillll' is ,,;;,,111111'111i"!'11 ill thno
(1';(I'p1>1 }ll'l'hiljlH lin' muss-How dlillll\!"i\, 'l'lu- siI1lJlit'~1 upproxinnuiuu to tho
inflow prnlilo is Inkon as

u(Il,I,,1) nil (1Il.1:i)

wlH'1'I' U(f) !taH ~Olll(' 1',iwll vnriutiun in I uloue, nIHI ii'l rln: tueau How !'ill!' ill
til!' pip!', Stl'i('lly "I)('akill)'" (lO,l!i) viohlt'" lil!' lHHilip ronditiun at (O,Il,I),
Its :;ill1pll' Ionu hi only illt!'wit'd to 1)('all upproxhnurlou 10 til(' }l11~'Hh-al iullow
ronditiou • wlu-r« tit!'!'!' will !H'l'"bl it vorv t hill hOlllulal',\' luyr-r Iroiu IItt' Inlet
ront raetiou. ThIlN, :il rict I~' "IH'illdlll~' 11ll' 11 11II'!' l'.I'IH'I'ai inlet romlit iou IS

1/(0, I', l) Fu(/', tl l'u{l')l'(f). (10.10)

!IN'I' th!' lnllnw ruurlit inn b tnkou tu 11('a prom!' ['u, ,,!'Il~silllilal' ill tiiu«, fit',ti!'d
II,\' lit!' mvuu Ilow mtl' ['(11, 'I'h« pl'olil!' shapl' Fn I',i\'('ll ill' ~iOIlIt' Ii:.;!''' i'lIlll'ljou
of /" TIH' lllilS:-I Ilow mIl' ('(I) thou 1'1Ii,(,tiwly IH'('()UII'S a I'Ill'dllg fum+lou Jill'
Ill!' pilll' flow, Uuxtoacly llipl' JiuWH will iH' l'Plll'!'S(III!('d b~' v1l1',\'illg l'U) ill a
11l'P:-I('l'ilH't!way ill ordrr to modol u Ilow whllsl' Ilow-rut« is t'l!allgiul\ wit It f.

Th« f01'11!of I1H' 1'1Hlial inflow wlodt? has Hoi YI'I IH'I'I! <l1'tl'1'llIi11(,11.III a luallllt't'
silllilat' 10 (W,W), lilt' I' 1'01'11''''1('111 a! (0, I', I) ('111111(' H1H'dIil'd I\H 1'(0, ,',I)
\. (I', I), 'I'horo nrl' two opl iOll~ availahl« h(,t!,: lirstly, t IH' I'mlit'l rnuipuuout run
hI' 1i;(1'(\ ill ;I.t'1'O, Tlti!' ii, !'!JlIivult'lIt to tilt' 1I0w t'lll(lt'illg tIlt' l)il)(' Iluuunh a luuil:
of How Htl'aillhtl'lJ('I':<. SI'I'(lllcll~.. },OlIH' nrlittrurv cnudltkm ('Ollllw'u:;nrah' with
III!' illl(l\ ('Olll uu-tion run hI' SIH'('j'i,'d.

Tit!' oulv l'ollditiol\ 11'i't t\1l~1)('('ili('(1 ilhu\'(' aI'I' till' inltlul-cumlitiou«. Thl'!;1' ruu-
(lititlll~ til's('l'iht' t ho stuto of tIll' llukl at tho bunudurv Vo (,1', r.tl), or ill nth!'!'
wonl» Iht' stall' of Ill!' Ilnhl ('\'I'l'ywh!'l't' ut I n, Fol' IItI' PI'I'~('lIt fillltb', til!' lluirl
ill til!' pipI' ifi takou II!'!lH'illl\ iustuutuuoouslv ill'("'it'l'iIit'll fl'OIll!,!,,,t itullllbi\'('ly 10
a high H t'~'llnlt 1:-;11111nbor, 11'0Il' \\' ht'I'(1 i1:-;Illaml llow might 01' Illil~ht 1I0t dUtllp,I'
lurthvr, SI l'it'l I\', tlit' 11'1ll1Hll'H1 rknunlu hi Iht' opou Sl't I C to, ',j, At! Il,
IhI' llow iri at 1'1',,1 (,\'t'l'~'\\'ht'l'l': i.«, 11\,1'01'0 OJ 1'(,1',1'00 I 0, Tho Ilow h 111!'11
itllIlH'diatt'l~'I'lli:wd to NOllll' liuit« wlodlY "(0)" 1111' inoun llow rutv ln tho pipl'
at I tl i TId" i~I'II'li\,ilh'UI 10

uu.m

with titl' nulial «unpoueut lixr«] at

1'\,1',1',01) II (1u l:oil



(lO.!})

1 il III/
'""" ("1') ()
l' ill' il,l'

(11l.1O)

TIll' uhov« n-lutinn« ill'(' I'ilupt.v It l'(,,,tall'llH'lll of I'qilitlitllli'i (10.1) awl (w.:n
iu M'nlal' Ioun, aud IIilIlS!tlllllf·rl illl () it r.ulinl rn-urdiuut« ,,~'sl PIli, '1'1111" t h('~'
al'(' 1'!llllll!!'tl'b' 1\l'Il!'lill, ('XI'I'pt ill I twit' pXI·ht:.iollof' I hI' nziumrhnl 1'111111111111'111of
wloril~·.

10.2.2 Boundary condltlons

III (It'ltl't' fill' ('IIIwtiollS on.H), (W.!l) alltl (llI.WI 10 1'I'lll'("i!'lIt 11I'1I111'!lv illHll'titll'
lur Ilow (If illll'l'I'sl, 1'1'!t'\'ilul 11(1IIlltlal'~' and iuitial (,(Huliliolls uord to hI' illlplil'll.
Thl'~(1 !'olllliliolls Itll' nnn-swlrling }li}!!' ill!!'! JlIIW Hn' hlmil\hl1ill'will'll: Iin;tl~ .. thl'
wl!)l'ity ill till' pill!' Willi Vn (.l',IU) 11l11hl b(' IPtO by virtue ol thl' Il1l<:oIi(l
rondltiou, This l'I'HlIlt:, ill tlu- tWII I'ollllitillll:,

II(.,\U I)

1'(.1" H, II
0,
o.

uo.u:
uu.is )

'1'111' ('olh\lI~(I of tilt' lill'I'!"'llillll'lI"jllllal .lmuaiu to tW11 11l'1'I·M~il.lh':i tlu- inclushm
of It l'<.\'IIl11lt'll'~· rnnrlitiou at Iltl' t'I'I1111'\illl' n,/ [.,..n.f), ill onlt'1' tlial lilt'
NtlilltiuU 111'Niugll'>valtll'l I awl h01Ul(\I'li lu-r«, III lc,,'alal' tonn, t hi« n'qnir!"i Ihi'
hathi(viu1\ Ill' till' l'ollllitiollH

iltl
" (,I" !l,1l
II/'

1'(.,\ n. f)
n.
u

(1(l.I:l J

(uun

Till' aImVI' lour l'Il)Hlitioll:.< I'lh'lti\'t'}\' I'<III.\!IIUII IJtI' 1111111;Ihl' !llll!] b dOl'f'1I h~'
thl' inllow uml uutllow \'lllltiitil)lI~: ill Ihl' Jlip{', Jlh\·himll~·. llil':';(' I'()lldiliolls HI'I'

1Il1)~:tusuullv impmil'll "'i II Ill'(':,c-lll'1' llill'l'l'l'lH'l' al'l'(I';~l II piPl' (wall'I' J1l1willl', lnnu
il hi!',hplll'(,~li1lJ'!' )'l'lil'l'\'IIIt' II) uuv at lower )In·~:c:lllr). II 0\\ 1'\'1'1', ill 1It'l1!'!' to ::lllIb'

dh'I'('tl,\' I hI' phl'lIo)lll'lIil of 1It'l'!'ll'lal iun ill :'lIdl IIn\\'". t hI' 1'111'1'1'111dluk!' b I (I
!llIIHl:'!' thl"il' l'tl[lt!itiIlWi liN velor-irv 1'llIHlitiulI:', al till' inh-t (II till' pip!'.



WI

Figlll'I' 111.1: I'ht' nullul ('0 ol'!lillall' h~'},l('lll JOl' pip!' Ilow,

AlIII'I hl'l' nnt IIl'111,11Ib~l't of pipl' llll\\"_' all' t h!l~1' ill whit-It 1)1l'1'I' hi lit) swirl rum-
tH'lll'll! til Ihl' How. III fIJi!' I'i\:;(' thl' M~,:,tPlIl!'xhihihi IlII (I dl')JI'lHi('lU (' and 11m:;
tit, ..arlinl I'IHlI'Iliunf!' :;~'H1t'1ltof lil',lIll' Ill.l l'l'tiUI'('s (0 all a~:b~'IlIIIl('ll'k:',\HII'III,
Till' HlllilliulI dnmulu ill Ihis ('W,(' h (l < /" N, II ,r ~ L, ntul u < I· x-,

wLI'l'l' L ii, Ih!' pilH' !t'uglh, uurl Ii ih, intcmul nulln«, 'I'liis vu-onlluut« 1i~'"ft'lll
\\'a'4 IlH('11 ill I hiH HI t1d~·.uiul iH i1111iI\\ll'd iu HI\Ill'I' 10.2.

r
wall'

r

Fin lI'I' 10,2: '1'111'i'i1l1plilil'tl rn nnlillal I' ~,,\,Htl'lll ,'01' uxisvmmvt rk )lip!' Iluw,

Till' >'1'1'101'nut at luu 01' IhI' lll'{'\'illll:i ;;1 !'IiUll in Illl\\' thtl)lIll'll. Tilt, Iwo g\lvt'l'lling
(,Illtal jnw, l'I':illl1iIlP, luuu till' «lhuiuatk-u or I Ill' jI,dl1llll hal uuupunrut of \'Plod!.",
pili:' t hI' vout iuui 1\' rcqnin-ruont will Ill' l\ivI'1l lI;i t 111'('1'l'('aiar vquut iow... Tilt'
<l1'IIl'11! lout Val'iilhh'~ 1Il ' l\i\'I'1I 1II'IIPl'aI'r n;. f hi' !lxi,11 vpjcJ( il~'1/ 1t(,I', I" Il, f h«
l'ill IiII1 \'t'l(ldf~' I' 1'(.I,,',1l uml th« 11I'I,~.~l\l'" JI /1(.1"1',1), with Ih" 11'~l\ltilll',
hilllpLfil'll 1'{l'llttilll';; ",i\'('1l 11\'

iJlI illI iJlI I Iii' [1 il (/'1) I ]

11 iI,,' I' I /' t
ihl

( lO,S)
ill il" {I iI,,' ,I'il/, cl/' il,,'~



1un

Din'!'! huplir]: huplonn-ntution of t ho 11111'1-\1'111vnrtk-irv ('oWJiliOlll' will load 10
a mllHHlity 1>1'111>1('111:thp ('~'dkp.i uature ill dlich tit" «qunrlou (10,,1) 11111st 11('
:-<111\'('(1 (evolvhu; \'ol'tid!~' 10 IIII' next t imo 1'1,,,1 utul t ln-n dl'l('I'lllillill!', velorlty)
huplirs t hill I 'iI' vortk-itv 1111,:-;1IH' I'Vahtiltt't1 Iirst. TIll' 1'1' b 110\\'('\,(,1' IHl \\'i\~' Ill'

huplivItlv evalnntiua tli" vortiritv lunuulurv vundit iuu withou: fil'Hf C'a1rlllatilll'.
11t(' now volovitv, lnu 1]1(' new voku-itv c!('I)('lId~ (lil'l'dl~' Oil IIII' vui+k-itv wall
('llltcHI inn! '1']11' I'Hi'!'! of Ihb i~;thut ;'11\' uumt-rk-nl uie hoc! appb'i!;I\ IIH' vortkitv
rumlit ion z.;ll'irl lv will 1>.. pn.,Jlldl1lf,l t hI' dillusiou of uuv iulunuut iuu ill Iroiu tit"
1,011ndurv with thn«, 'I'hu« thl' only 1'11('('l'~~flllllII'IJlOd olsolvim; ('Cl'lillhlll (10.1)
iH b~' tIl!' mut.ln-iuuticullv iUI'(ll'l'C'c" I'xplidt Willi \'Ih,tidly uppiuarl).

'1'1)(' bouudnrv valu:« for till' ;;Iwtlufll!lt'lioll ilpPl'Oadl (In.'il al'c' :;illlph' alii! eli-
lI'l'lly itupnsorl t-uurlltiun«. This h, l,,'('alt,.(' (' l'dall'~; hI tIll' \,('!ol'itit·" ill a deriva-
Ii\'(' ~PllS(' [H'(' till' l'l'lal itlll:-< (HUil] uurl 11111;; auy \,t'lodt~· otul ('(llltlili()l1~ [ust
1"'('(lIl1P derivat iw ~t l'!'alHl'tllu't ion roudi t ions. 'l'ln- t li"al\valll HI\(' Ill' t h(l ;.;II'!'1l111-

fHllr' ion 1Il!'1hod lil'S hoI h ill I li(' ltil'lt urrlr-r Ill', ill' rquutiou. aIHI ill tlu: :.1nutnn-
of tlu' t(,IIlI'H'al !PI'IIl: tIll' I'\,WI Pill iH of 1'0111'1 It order, aurl I hI' tviupornl (1\,0111"

t ion is ill n-nn« of y-J I,', awl Itol 'din·('tl~.. TllI'~1' Iurt 01''' 1Hinall~' iunk« Ihis
llll'tho(\ nuu-opthn.uu Ior a liuill'·,dll('t'!'I'IlI'1' ill'PI'tHldl, 111'{,C\1t,l'Ill' tltl' itHl!'('lll'iH'Y

of 1'!'lllt'!iPlll illl', 'illrh hit',h uuh-r th·) ivat iw;,.

'I'h« nliov« diH u-sion was ('olll'C'I'III',\ wit h f~l'll('l'al Iunnulat ions of t ItI' lull Navior-
Stob',: relntinns. Till' n-iuaiudr-r of this rhuptor will /', l~it!I'l'upproxiuuulon«
to 111l':,(' Iull l'(ltlidiolls Ihnt itl'!' valid lin' hit',h Hl',VllO'.h uuuibor pipl' !I1l\\'H,

TIll' (\iSt'w;::joll wilt 11l'()('('p(1 I'l'OlII IIH' prhuitlve-vuriabl« NH\,jpl'''~'Hol(('s n-latiuu«
(1[), 1), uud IhI' l'IiUlillal lou of !h(' pl'l':-~Ill'l' Iorm will h(, l'OIlHiti(')'('c\ lntor,

10.2 Unsteady pipe flow

'l'hr l'IIl'l'1'1I1 :-1 tub' h, {'OIll'l'I'III'[1 wit It I Itl' 1I0\\' of' au illl'OlllPl'I'sf>ibll', Nowt ouluu
liquid ill tlU' I'ltll'lllU'(1 1,t'l'.ioll or It pip!', ill IIt(l ah;;l'II('1' of tlu-nual gmdh'ulH or
body lil}'('('H. Flow« of Ihh: dH:-i~ 11()~;~(,~Hn SYlIllll(lt I'~' nhout 1111' nxis oj' III!' )lilli',
111111. it it! 11011111'1\110 l't'lll'l'~(lllt tlwil' !ipitlinl dmnulu 1I:.;inl\ it uuliul ro-nnliuutv
S,\'!il(llll.

10.2.1 Co-ordinate transformation and oquations of motion

Til a P~PII 1/,1(1111, !li(l tlt!'!'(, most unuuul ol'Ihol\Oli1tl axl'~ 111'(1; til!' uxiul ('U"
(,['Ilillal l' .1' ,!'it'lll!'(1 alOlll\ Iho ('(1111\'1' lin« of Iltt' pipl'. t Ill' radial co-unllnntu
I' pwjl'('IiU!\ 0111 \\'a\'(1 1')'0111 til(' ('(llll n' lin«, awl I hI' il>! hun Ihal ('0 nnlmntr- () ..
all nuuulur llisplan'lllfllll around 111(1 Pi!H', Fi,',11l'1' 111.1 show:, l his {'Il·ordiuHIt'

",\':-1 l'1I1.
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(ii) If till' domain is 1'1'st\'ktC'd tn ho two-rllmonsional, (1)('11 tho stroumluuctiou
can 1)(' lIS('I!. C'ollsitlpt' I Ill' planar vr-locity lipid u :;::,(1/, I', (]) ill t Ito plane
x rs (,1\,1;.11), III Ihis plano, 1111'\'ol'licit,\' is c\l'liul'd ill' W:.3 ({),{), ....-). '1'11('
streamluuctlun I,' hi rolutorl 10 t ho veluritv 11 as

ih,"
11:'''-,iiy (10.;')

unrl to flu' vortieitv W ill'

(10,0)

By rolunuula! ill).', 1lu: I'I[lIat ion (10.1) in h'l'lllS of 1111'stl'l'<llllflllll'l ion (lO,ii),
a Sillf~Ic' oquatiou in tho srulur Pol('uUal Iuurriou I;' alone run 1)(, dorivod.
This strrmulunr-tiou Nnvirr-stokr« oquntinn is

(I 0.,;,)

This rquation is :qUidl'llt ill itsolf to (II'I'H'riiJp a di\'('rg(,lll·('·fr('(' \'l'lol'ily
Ilokl, t hns no rout inuity coustraint is 111'(1<1(1(1.Th1lS t his ('quat inn lends
to ·t \,('ry simpl« Il,PlIllS of d(,s('l'il>ill~; It two-dimcnsiounl How system, Ex-
1l'lIHioll of I Ill' api:"oa!')\ to It thrro-dimousional systom iH dillirult, aut! a
H('('O))!! stl'('itllif'uurtioll must IH' \IH(,(\. TIH' rolovant oquutinns for It t.h1'(I(I.
dimonsiou tl formulut ion cnn 1)(' Iound in Munlock (WHO),

'Tho nhovo vortil'ity·tl'tlllH))()l't Ionuulntlon (Hl.,[) iH lUI p!p!\ilnl way of removing
III P:,H\tt't' , Tho prir« or this ('Oll\'('Ui<'IH'P is Ih(1 complleutiou of litC' houndurv
(,Olulit iOllH: t ho uppllcat ion of houndurv ('o1\11i Iions ill IIH' rC'lllaillilll1, velncl ty
torms iH Hll'aighl.i'oI'Wlll'(1. hut proper uppliratlon of vorticity hll\l!\tlat·y vnluos
I'l'Hlll1H ill intl'grnljll'oJltll'tit'ii havlug to 1)(1sntis1i('(1. To lllnstrut« IhiHI ('Ol1Silh'l'
tho pnrnllel flow between two Uat pllllt':;, If tltp intogrurlon doinuin is tukon Iroui
tho ('('lItl'(,jill<' to tho wid, thou tho ('Plltl'l'lilll' \'Ol'tidty ruusuuint is 1.1.'('1. 0,
rounnousumto wit It Iht· svuuuotrv of t h« lluw, 'l'ho wall ('OIlst taint h(I('(illlC'H
.f(I,I;:I1'l- ",.tllI ".: I), h(l('a1\:;l: in tlti~ pnrnllol Ilow , \'ol'ti<'il~' l'C'lall's 10 litl' tl~iill
volocitv II as ,,,' ,"' ._ 1','(.

, "I

Th(1 way 10 avoid IIIl' lISC' ul' surh illtl'l\rnIH is 10 ovaluuto the wall \'ol'tit'it,,'
(lxplidt.ly IUIlI ollly Pillploy tho wlodty coudit ions ilUlllkitl~', That is, ill it

touiporal cvorut iou, Ill<' intornal \'ol'tkity Iiokl, aIHI Ih(l11 til<' full ""Iol'ily lil'l<l, iH
caknlat('(1 at It lH'W thu : ~II'P, TIH'l'I'IIl'f'l'l' thl' wnll vortlvitv is dC'(l'l'lllilll'r[ from
till' pn-vions 'illl!' sll'p. This uiel.luul uf ovolviun 11t(' svstr-m is 1\111 ph:'HknllY
valid or nuuhouuulrnllv l'igorous, mul illl'll't'('1 ('ollstilnl('s n work-urouuri".

is SIINpt,t,tt'd that tllb \I'i\~ tllH' of lilt' prohlom t hut {'i\1I'!'tl u Hnti!'t'ilhh' I'rrnr in t hn
hilM' Ilow fall-Illations of du Sil\'i\ (l'.!)[)), h·,ulilil'. hI his inl'lll'll'rt dl'It'llllilliltinn or t he lu'nll',il
stilhilit~· rurvo fn IIH' strudv pip!' 1'1'lI'illI('I' S~'SIl'lll,
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oueouutorod ill solving tIl<' Nnvior-Stnkos equarious: tIl!' momentum ('<!llalioll
(ID.I) i~ n temporal ovoluilon oquation for u alone - [I is not ('\'01\'('(1 bv this
oquation. TIl1l~,nit hough oqnut iou« (10,1) and (10,:.0 fully dott-nnin« I hI' four
unknowns (u, Jl), thl' strurt 111'(' of «quutiou ( 10.1) is SII('1l I hal [I is not gi\'('u ill t hI'
snuu- :;PllS(' as u is. Tho prrssnr« tcnu is iu ('m'd all huplk-l: rumpensuror wlrirl)
adjllst~ its value inst antnnoously to PUSII1'I' that tho volovitv Iiold is di\,(,l'!\l'lll'l'
fr('('~, Tho problem wit II prl'i'iS 11I'!, arisl's from I hI' inrou: rcssihililv asslllllJlt ion
i ISl'lf: ill a ('Olllp1'l'i'isihll' s,"sl om, I Ill' ('(llll iuuitv ('I IIuu ill I! di"t'l't iV!'I,\' P\'olws t ho
]>I'I'SSI1I'(' ill thl' nuuuu-r of III<' ot hor varinhlrs, It i:; t lu- xirnplilicat iou of this
1'1'Ialion which P11'\'lltI'S till' Ill'PSSII1'I' to its unusual sIal us ill I II!' iut'untprrssihle
s~·stpUl.

Thl» sl 1'111'1111'1' of (111,1) d-rrhnoutnllv pll'('('ls t hp pasp of niuncrirnllv Ionuulnting
tho full Navior-Stol«- ..; equatinns. It is for this n-ason t lrat most couuuon moth-
nds of uuuiork-al solution for thl' prlmitivo oquatious (10,1) ovolv« l h« velocity
compoucut S dilI'Pl'('Ully to th« Pl'!'liS1I1'PHdd:! uud IIIHY nlso load to nlis()('iall'd
PI'Oh!I'IllH with :-Itahilily and 1l('('\Il'Il!'Y null'li" c',l'('flllly plnnued. Dotuils or th!'
iutri('Ill'il'l'luP!'d('(\lo mnko tltl'S!' Ionunlatiou» work ('ol'l'('(·tl~' ccurorn suhstuntiul
Plll'ts of such works liS Hoat'll(' (1!li2) nu-I till' 1'1'<1<11'1'is 1'!,j'('l'l'!'tl 111('1'1' fur fUl'l Itl'!'
lnformnt ion.

'1'11<'simples! wnv around tIl!' P1'PSSI1l'I' problem is to eliminnto it from tho gov-
ern in!!; cquntion» ILII og!'t her. ApPl'oprial<, mot hods of doillA I his nro Oil t lined
below:

(i) 'l'he oquutio» (10.1) run 1)(' rofunnulutcd ill tonus or th!' vortk-itv, TIll'
\,ol'tkity of it How w C'; w( ....·1' w,/' .....~) is int 1'0l11l('('e! as

W ~:, V X u, (IO,;n

If th!' ('\11'1 of P(!1l1Ltioll (10,1) I, '.]"'11, ilu-n til!' resnlt is, aft!'r IItI' suhsl.i-
1111 ion of (Io.a), all <'quat ion ill u uu. . I ulonr:

nn.n

This equation is usunlly tvnued tho vortlciry-trnuspnrt Ionuulnno. Eqlla-
tion \10,,1) is for it g!'IIP:al threo-diuu-nxionnl lluhl. For tIll' rpstrkli\'(', 'f'

of a two-rlhnouslouul domain, IIll' t onu W·VII is idl'llt k-allv ;1,('1'0. nml Ilw
oquntion "itllplilit'li soiuowhar. III a litt'!,(··t1iuH'll;;iollai s~'st('lli. tltis 1!'I'1lI
1'('I)l'l'sl'uls t hI' 1'1[,('('( of vortex sll'('ldlillg.

"~!illhl'lll!ltkilll~'. II iH'(~ il~ 1\ r,ill\I'lIlW' .uult iplier tim! (,Uhllr('s Ilu' ilH'tllllpr('ssihilit~·
ronstrulnt.

,lIn M>lIH' I~'I)('~ of Hnih'·dHr"H'Il(,(, 1II('lho.l. 111(, pn'''lIf(, b ('\"'11 t1(·tl'l'lllill('(1 ut (lifh'II'lIt
IIIl(h's I" thnsr WIl('H' thl' vvluvitv i, rulrulun-d.
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10.1 The incompressible Navier-Stokcs equations

Tho inrmnpressihle l'\a\';:'l'-Stolws <'<Inal ions (lpS(Tiil(' t 1)(' n-lat ionship 1)('1\\'('('11
the \'(>l()dl~ of til(' Unlit. its 1\1'(';;S\II"I', <Hut II\(' m·tion of fnr('{'s ou tilt' Hnitt
h0111Hial'Y, TiI(' v('l()('iI~' ill <I g(,IJ('I'al HIISI(';HI.\' Iluid of Ilmv-dimouslouul ('X-

tout within it hounded rl'[',ioll V is l'(']ll"Ps(,llll'tl hy a thl"('(' dilll( nsiounl vcetur
H!'I(I u :::; (IIi. IIj. lid, TIH' volocitv run varv ill spa("(' 1\11<1time: U ,., u(x. f). wit.l;
x ss (,l't •• I'j.,I'k) tl., orthogouul spatial ro-ordlunt o systom, nIHIl t ho tiino. This
velocitv is dotonniuod h~' t hI' !l,!'l!('!'al Nnvier-Stukos oquatiou

iJu ,) •Tit + U· \Ctl:.:.:: -\'J' + II\,~U"" i' (x, fl, ( 10.1)

IIpl'P II is 111<'Idll!'lllatk vi:-i('osit~' of t hp Ilnkl. The pr('ss\ll'(' I' :.;: 1'(X. t) is a scalar
Holrl: that is, <,' .urv ou« poin: ill Sjlil('P 1\11<1tilll!' I1)(' l>l'(I~Sl1l'(,II is 1"('111'!'SI'1l11'ti
hy a siug)!' va ltll' , The voloritv lh·ld is Iurt her slthj(,(,t to tit!' r-onstruiut t hat it
ho (\iY('rgl'lH'(,oh't'I', This l't'sll'il't ion is tIll' ('0111iuuitv l'l'qllin'lll!'1l1

div] II) "" 0, (lO,:!)

which must hr. sutislied evorvwhore ill Ill(' Iluid, TIll' equat ions (10,1) nud (1(1.~)
cons Iitut P a complot« sp( of four indpIH'uclpllt ('([lIllt ions ill til!' lour uuk nowus
(u,»). '1'11('dorivatiou of 11I('s(' relatiou« run Ill' Iouud ill any stanrlunl work 011

Ilukl ruerlmnies [B., I.dol' (l!.Hii). S('hlkhtiug (W7D)],

AllY purtirular solution Ior u and II is dptpl'llIilll'd by a('1ious 011 III!' fluid hmly
t hrough Ihe houudnrv V and via IhI' hndy lin'('p F, Tit!' Ilukl is nssunux] 10
adhere to Ihp houudury everywhere: portiolls of tht' houudurv II1H.\'1)(1moving,
'<lmgging' tho Ilukl partirlos IHl,jIl('!'ut. to it along, or portions may 1)(·stnliollltl'Y.
rostrniulua Ih(' Il ikl hero In ;t.PI'O \'I'lodt~·, TIH's(' houurlnrv romlitions nro th!'
drlving 01' fordup; fuuctious 011 tho Ilukl. TIll' hody [or!'!' Ftx, l) nlso aels as a
fOl'cing f1l1H'Iion, but here it S pIf!'(', is (1iI'I'ell~' on onch ok-mout in IItt' fluid, Thus
till' two ext ernul intluoucos, IhI' boundurv ('()Illlit inns 1\1111 1111'hod;.' fol'('ps. dpli 1)('

Ill(' ]ll\l'lkulill' lnterunl Ht!\t(' of IIH' Huhl1, II' 111('J1l1id hus rousumt rlonsity or no
fl'('!' surfuco, II simplllirntlon ('11111)(' 11litc h' 10 oqnntluu (lO,l), hi this ('nst' tit(,

w('ip,ltl of (',wIt clomvnt 0[' Il"hl is ('X,H'lly ojljl(ls('(\ bv it:-; hydru !,tliI' 1)\\(1~'i\lH'~'

force, and F run 1)(' ('all('('lIl'd out if' I h!' jll'('o;s1ll"!' l' is 11\1\t'1lwru. l'PSllI'('t to It

suit nhlo dunuu, 'I'hus for Inlly (,II(')o:«'t! hOlllOI-\Pl1011S hH'(lllllll'pssihl!' Ilukls, !ll!'
bo.lv fill'('(' P run b(' iguon-d.

'l'h« Pl't'SSIII't' II ill !'qllll 1ion (10.1) oulv 0('('11 'S ()1Il'(, 011 t itt' l'i!l,ht -hund sid!', 11
is till' aPJH'nrall('1' of I' ill t his \\'a~' t hal hi r('~ J iousihlo for most or 1Itt' prohlt-ms

-'iTh~r('ult~'~71'1~W-;:~';fu~;;i;:;:und thus Ih[' major l'I'as(J1l for its routluning iIlIN!'S!, is
that a particular n't of hnuudurv ['oll[liliollS [10 uut (1l'lilU' !H·("(·s,aril.v u uniqn« iutvrnnl suuo
of lltl' lluirl. As Iluhl ,'['I!lritit" i1ll'I't'O!' ". th[' intornnl mut iuns 11Ifnl"!all' Innn il 'iiul'lt'-vullll'tI
nnturo, anti ln-rnm« dmotk, 'l'his is th!' so-rulled trnusinon III turhulonro.



Chapter 10

The governing equations

Perhnp» tit!' centml tenet ill til(' stndv of the motion of Iluid« is t he iI('('('ptallC'('
of th(1 unlversnlltv of (li!' Navior-Stokes I'qllalious ill d('s('l'ihhIA slI('h sy:;ll'llIs,
Disllgl'(I('llll'llts ill u« Ii('}(l of Iluid lIH·{'.HlUi<'Sst"'!1 {'l1il'lly Irom dispal'ilips ill
results at! niued I lirough t hI'" "Plllim! ion to model prohloms, and (In(' to t heir
insolubility ill all hilt t 11<,simplest ('asl':;, Thus IIll' major problem is uot a
uiismntrh between tho g()Vl'l'lling equnt ions awl reality, hut ruther tit!' dillkull~'
of sclution of t ho oqunt ious thomsolvos.

Derivation of thl'Sl' gl'll('rally applirahll' equatious Ita; :,('('11 nsnih('(1 firstly 10
AI, Nnvier in 11'l2i and S,D. Poisson ill l~H, '1'111',,('two workers dl'riv!'{i Ill('
rolatlous from an argument oxtoudod from hask intonnokx-ulnr fOl'('I'S, LaIN' B,
do Suint VI'IHtIlt nud ({, G, Stoke's S('plu'atl'ly arrived ut t he siuno I'l'laliolls by
lIKiug I II{' Nowtonlnu assumptlon: Ihill till' uonual and sheariug sll'('SSI'S ll('tillP;
011 t ho fluid are proportional tot he rat!' of doforumt inn. This ass 11III PI ion of
Ihl' liuonrity of I ho aPJlli!'d Iorro to til!' I'IlII' of st raiu is b.l,ir.l1b' X('\\'loll's law
of frk-tiou, '1'111' \'('l'I\dly of till' Navi!'l'-Stokl's 1'(I1l1ltiolll'l is indisputuhl« nml
has IW<'l1eoullnued ill mnuy I'Xl)('rillH'llts such as huuinnr hounrlnrv lilYI'}' limn;
amongs! or It!'!'s,

TIlt' uioriou of a llquid at low ~flldl uumbors (Inr aWIlY Irrnu that Ilnkl's SIH'l'd of
sound) allows a substnntlnl simplification to t ho unveruiun rolutious. L'ndor surh
couditions, til!' lluid rnu h(' ch'I'IllP(1 lnrmuprr-sslhle, This suhs!'t of thl' Navk-r-
Stokc'S rolatious has h('('11 t hI' >,lIiljl'd of 11111('1· .1\" .uul will he t hI' sok- snhjP(,t
of t hI' rurrout investigntiou. Till' ('<I' rlons ill' It 1!;!'IH'raUv solubk-, hut wit h
IhI' avnilabilitv of powerful uumcric.il umrhiuos, hip,hl\' iU'('nrat{' sinutla, inn of
Ih(1 hohnviour of iurnmprossihl« fluids has 1H'('OIlIl' possihl«.



Preamble

In Ihis part of t hI' t hosis au auulvt inti Iraun-work is estnblisln-d for t 11('!!,I'ul'ral
mnthmuntirul d(,KI'riptioll of ;1('1'l'h'ral ill!!, flows. A A!'Il<'ml uumvrical 1ll!'lll(l!1
of solution is doveloprr], awl as it II'alit. al'('Ill'alp 111l1l1<'1'iI'aJ solutions to tlll'
resultant governing eqnatious nn- obt aimx]. hoI It {ill' thl' laminar flow vatiat ion,
and to predict tho oUS!" ',fill"tahili!,\', iu oxpououtiallv !u'('pl!'l'alilll!, pip!' entrauce
flows.

Chapter 10 that follow!' (l<'l'i\'('s IhI' hask !!,owruillA oquntions (If :'(']('\'1'11<'1' to t hl'
study, TIl<' muuerlrul nu-thod of solution is lntrodurod ill ('haptl'!'s 11 and 1~,
while tho resultun: nuuu-rical trcluiiques are "PI'Hi(,(1 Oil simple llukl uux-hauirs
problems of 1'1'11'\'('11<'1'to till' sludy ill ehupter 1:1. Hl'sults for tilt' l.uniuur haSt'
Ilow ill the plpo cutmnco are tl1('11given ill dmptl'rs 1-1 and lIi, while tho :4al,ilit,y
results nro l"'toc': ;,;\(I ill dwpt('I'S Hi .111<117,



('lHPTEH W, TIlE um'EH,\'ISC; E(WXI'IONS

hq\l ..nOll (1I)..1~) is it linear part ial IWfp!'put iul «quat ion ill t Iu' lib! urb.uu-o u-nns,

TIl<' nnuheiuatirul ti,i'l'1 of thl' clbtllrtmlU'(' has hpl'll 1(,;t IlllSlH'!'ilil'cl lip until
now, tnt! is HOW Ai\'('1l f01'1l1 a~ a pl'l't nrhution ill strvatnlnnr+iou.

(HU!l)

WIH'!'!' It is it (complex) spat iul wavemuulu-r ('lllt)()II~'illg t lu- sJlatial lu-huviour of
t hI' 1I1'I'turbut inn, t' (complex) is t I'l'IIu'(ltill' (,I'll'ril~', und 1'1llhlHJjPS till' u-mpoml
fl'('(jn(,IH'~' und \'('I()dt~' of th" t1ist1ll'tmll('(" und 1,'(1') is tIll' :-;hapl' of t ho distill'"
hatH'!' rudinllv, Bot It II uiul t' uro voustmu ml'(lidl'lIts wit It I'I'~i)('('1 to ,I', " aliI I
I,

1
II' " -~),. "
I 1 I

l' .__. '0-' l' t',r (lO.:i())

Eqnutiou (lO.,W) run II(' clilfl'l'PlItiall'll all~' 1111111111'1'of tiUlI'S witll t'1'~1l1'1'110,1'.

l' 01' i. BI'I'alls(' of this. Ill:' .'. ,,1 tl't'IIlS in oquariou (lIJ..lK) (awl Ilu-ir c1I'1'jvi\-
tivos) ran Ill' I'I'plm'(111 wit II t lu: equlvnlont [,tl'('ilUlflllH't ion I'l'lat ions IIsiul\ t hI'
1'(!llntiIllHl ll(),:ill), This it'iuls to it dillorrntiul ('c[!latioll iu 1.,1 nlouo, Suhstitutkm
of tho llistnI'IHtll('(' COI'Ill (11l.1!I) into til!' l'p:-;n!t;ul'; (,IJltntioll, and til(l ~1\hS('qltllllt

cunrollntion (If til!' (lXll(llH'Htinl tonn Irmu th(1 l'q111ltioll h~' dlvlsluu, n-sult» ill

(to,lil)

01', if tit!' ollN'atllt'

t.
i)~ il
(1/,< /' il,' (!lUi:.! )

is introdur«], (l(),:ill rnn 1)(,siurpliliccl tn

'. ]Il"

}
1 >J (I
\1 "

[/.11] ", (l(Ui:l)



('rz..\J>'11m 111. TlII~ (;OnmNINU BeJ[T.tTION ....· :lO'i

I'\l\\itlil\llt-i. '1'1\1' ,,1'1'0\\11 ,,\aUlli\\'(1 i\:-;~I\mpti()n Ilf til!' lilll'iU' iUlaly~i~ i~now iuvokod,
uaiuolv tim! t he moun flow variutiou hy il;;!')!' • P«WlliOll}i (IIl,an) " lllllst ail'o
saliH(v t)wsp n-latlonx, Substitntioll of tho 1l1l'aH Ilow variatiou (to.:!!)} iuto Ihl'
N avior-St oJm.; I'l'lal iOIl~ ~,it'ld:; till' shu plifil'd ('IJlla I lou

('I'I f uin or 1111' ha:,l' Ilow vnriahlr« (II' t lu-ir llt'rival i\'('s (i-('. II,) t'1'I' /1'1'(1 h.\' virtue
of oquutiuus (lO.:W). J)!'I!'ti"ll !If t!tI'Ii(' t('I'IlIS Irotu t h« ('xl'.lIllhod oquation !t',llb
10:

U(I/' 1 II) I II; + //1/',. + u,»

1 I I

;, (I'll,,), I· NI~!{'"

, 1 I
1', '}It I (1'11,),

I'

( Hl.11)

(to.tli)

'1'111'oquutiun (lO"l:i) ('I\U )lOW 1l!' Ill'il'll to lint her l'iilllplify equation (W,·L'll, Till'
l'('slllt of this bi":

, 1 ( ') 1,"'/',r I /'//"" t ,-'" /1
I' l?f ~ " (W,W)

1 "I [ 1 ')] 1 I, if "/1" + ,.'(/'/'" 1 '-I) :;'/"1
l' "II'"

UO"li)

II is pO~:-iib!t· III ~hllplif,\' !'<[lIlltillll ll0,li) 1'111'1her hy ill\'oldlll~, ('out illllily f(lI'
Ill!' tlhilmllillU'(' 11'1'111;< (TIl!' (li!-<tlll'hnlH'(' 1Il1l~! nll\'iollsb' Joialh{v tlit' l'Olllillllily
1'1'11IIi1'1'1l1l'll I (lO,:.lil), This ullnws t hI' I'I'P IHt '1'1111'III of !Itt' 1\'1'111 ~. t /'1")1' wit h
"U'l'

III onl('1' I (I ttJi!1I111n!t' I hI' 1)1'('1':-1\111' 11'1'111:;, "(IIlat inn (111, 1fj) iN t1i11I'l'l'llt inll'd with
1'1':0;1)1'1'1 til 1'. I'qllatioll tW,1i), anl'!' division !ll1mlldl b~' U.~l,i~.difl'l'l'<'lllinl('tl
wl: h l'<')'lIlt'('1 10 ,I', Thl'!'t'ill'l ('1\ t hI' 1'1';;lIlls art' ;;lIbl l'il('ll'd IlIH' Irom nuut hl'l'. 'I'his
lll'(l('l';l~' 1'1':41\11 s ill a x]111\11'oqun t ion wi t hunt t ht' Pl'('~,;l\ll'l' t 1'1'111,

[1, (I'll',) ,J 1!1/:
I' ' I r

I I
111'11' 11,.,,"

1 ,
Hf \"'" II . (10, IS)



CII:lP'1'ICH 10, TIlE (i()\'lmNING E(Jrr.~'1'U)NS :WO

T1II'S(' t'qllatiolls dl'S('l'ilJ(l (11(1gl'l1l'l'al holuwiuur of a Iiukl ill it pip('. where (iiI'

:-;tl'Oll!',ly vnrviua Ilowrute is l'ul'IIpi'illla('d h~' tJIl' a('('ph'ralioll panuuetrr U. whilo
tlt(' lllil!',uitllci!' of tl)(' l'pllol'lImli;;pd wlodty II (1/ ill tIll' Ill'I'\'i011Hsp('(joul rorunin»
of or<i('l' ou«, TIll' llow ill t hI' pip(' ili UOW t a 1;1'11 t () ('Oll:-iist of an iuvuriuut mean
!lIlW with a t'"1)(,l'hlllltl~t'(1sllmllll\\I'!l1illillg rompouont, or

II 1/ + 1/',

I' .,,---, I' I, ,.', ( 10.:lH)

]I Jl -l- )I',

TIH' moun flow ill t hI' 1'1'1l0l'1llalhwcl ha~,is i,. tak('11 as h!'iut.\ hll'ady and parallel:
thai iK

il 11\1'),

I' Il. ( lO,:m)

Ii p(.l·).

Thii'l dwi<'t' of hiu,," Ilow i~ i\llal()~~OIlHto thl' ussumptlou llliUlt, ill t hI' da;;:.k
Sl'xl derivation. wilt'n' Ihal Ilow b abo a~HllIlH'\t Htf'iHI,v alit I parallel. U()\\'I'Vl'1'
ill Ill!' prosout ('asp. th!' monu ('l'IlHH'S(I('tiuual \'\'I!ldl~' U run vary IWIlI'rally ill
7ll1I!/lIi/wit' Hi; F l'(1) with no l(lH~ofg(ll1l'mlity. TIll' SUj)(ll'itllpm;l'd 1l1H'llIiltitl!\
('OllllHlIj(11I1 i~giVl'll It gl'lll'l'al 1'01'111.llllllll'ly:

II' - "'(",,'\ il.
1,/ I" ("" ,\ fj. no.nn
]I' Il' (,l" 1\ t), (11)..11 )

(lU..t~!)

Th'IH Iht' al'tna1 Ilow ill tht, Ilip(' ('tlll~{istH of IIII' iuvarinnt uienu Ilow (l(),:!!}) plus
it Hll1H'l'ilIlPWil'(llltwtllHlill!l rruupmu-nt (lOAD),

EtIltatiollN (10.:IHl it!'(' HO\\' f'ttbstit Illt'd into (ltl.:l1i). (l(),;J(i) nud (i(),ail, IIlId
(lxpal1<lt'tl. 'I'h« pl'illl1ll'~' nssumptiuu of tht' lill!'Hl' tht'Ol'~' is 1I0W invuked: !hat
111'()(11l('(~of small ql1illlliti!'s, siu-h n~ 11'1". a!'1' lll'l\ligihl<' ill cmuparison with
I,!'l'lllfl ('olltniuill1\ nn« ot IItl small tonus, sn!'h us III" 01' 1/1', Produrt« or tll(l,,(1
smnll t(lt'IlIS it!'(' t tillS ('lilllinall'(1 lroiu Ih« rrsult iUI\ vquutiuus.

'I'll: Htthslilntiou of tht' I'tillilliuu~ (lO.:lH) lnro tIl!' Nilvil'l'·Sln]:('s l'l'lal\olls is
tnutmuouut to slaliug that tht' lull \'I'i!ldt~' lit 'tl (1/,1'.1') hns In Hillisl\' thNH'



CII ..1PTER llI, 11m coveumi«. RQU.l'l'IONS 2(}G

10.4.2 Assumptions & methods of derlvation

Tho nppllrntion of tlu- Spxl «quutiou to pip!' t'llll'i1Ill'!' llow« i" suhjP(,t to thl'
ussuinptlon tluu til!' flow i" lIf'tJ1'l!1"lllll'allrl, That is, that Ihl' varlatlun of tho
\'('lodt~' prnlih';l ill tlit' axial (iill'l'fio1l h 1\1'11<111:\1 1'1lOl1f\h to ullow tli« ~;fabi1ity
uualvsis Irum isolat('d IH'(llih'~to 1)(· 111'(,(\. Tlll'l'm,!'! of til!' nun-purallol \'('Iol'it~·
Iiolcl withln thl' pip I' inlet Oil :.;tahilify lins 1)('1'11shown tu hI' lll'~',ligihh' b~' Ahhot
,\. !\to~:; (W!JJ), For tl1i;o n-usnn it parallol al\al,\':;i~ is [It'l'fol'lIj('(1 lu-low.

Two 1Ill'tlw<is Ill' dorlvatiun • yh'hlillr~ t hI' 1'i11111' Iiunl 1'1':,\\\1(1'• mil 1)(' \lSI'(1 to
gPll('l'atl' tIll' S('xl equut lou: ill t hI' lin,! nPPl'Oill'll. it 1',PIll'rill 1111'<111Ilnw "ilriat inn
(with axial d('IH'wl!'IlI'(') h; l1SI'(\, uud Ilu' u('<lI'I,\"paralll'l m:sulllptiull is wWIl to
«lhuinnro tIlt' 1l1'I',ligiblt' lmso-Ilnw Il'rllls lIming tln- ('O\ll'HI' of till' di-rivatiun,
wliilo t h{' f'{'('olH\llIl't IHHI aS~nllH'Ci II parullcl hali!' How from IhI' out Hl't. all! 1 (ll\IK
tilt' uon-purullol tl'l'Ill~ ill'!, 1'1'1110\'1'11bl'rotl' jlt'O('('l'tlillf', wit 11 tIl!' illHll~·sb. 'I'll!'
tal tl'l' apprmll'h It'IlI\,, to it mneh iuoro tN"'!' Jonnulatiou. while, u" uu-utloued,
~'il'ltlillg itil'utit'nll'('"ult",

'I'll!' tl'llllloral variutiou of thl' \'t'l()dt~· prolil« shap!' (nut it" IlHl!~llhlth" which
iH nrrountr«l fill' by fit!' H{'('l'h'l'iItjou IHll'!tUll't{·l') ha~ not 1)('1'1\ llll'ut ioul'(l. III
flu'( fIll' IIl,,,tllllptiull of 8fl'llllwl'88 implicit ill t hI' I'imbiIity t)l'ri\'at inu woukl h(,
vlolatod if tilt' !\('OIl11ll't'iml HlmJlI' of tIlt' \'{'Iodf~' lll'lllil(,~i \'mil'(1 ill tiuu-, Ilowovor
it wlll lu- shuwu la('l' thut tho oxponoutlully (H'('l'it'rating pilH' l'lltl'ilI11'P I'I'/Iiml
is ('Ulllpl!'tl'ly ,~Imd!l ill tltl' 1'l'uol'lnaIiH!'(1 Irnuu-work: thl1~ Ihil'< l't'Sl'l'VHtioll if' of
no {'('t1s!'q\lI'Il('!',

10.4.3 Derivation

Till' Hllthility (il'L'i\'l\tiull hl'gi.lH with oquntion» (lO,~r,). (1 (),~(i) awl (10,27),
which fnlly (lpNI'dlll' t1'!' uxlsvmmotri« flow (11' all hll,tllUlll'I':<~ihl(' Ilnid ill It llilll',
IIIJt\l'l' coudlt iOll" of .u'liitrurv I\('('{'}t'rnlioll. Tllt';;(· t'(lllntiuuK 1'1'fl'1' ttl (lhlll'lIKioll"
!t'!4:-i vnrluhlo»,

DIl!' I () thl' nut 1I1't'of tht' rlorivatlnu, It lll!ll'l' ('ullIplwl ulltnt lou will hI' H(\Oplt't1 (bl'
1111'l'(llll'l'lil'lltlttiull of u r\t'l'i\'atiw. u.uuolv ::: q,~.FlIl'lhl'l'IIIOI'I'. for rindt,""' tht'
11111'1'will la' t1l'OPlll'll from I hI' dillH'Ili'iitlllll'~s !(Illllltilit's ill tIlt' ahovr 1l1l'1l11lll\t'rI
oqnut iom" '{'IIP:iI' t'tjlllltiollS r nu h(· 1'1':.[a((·d JIll' dadl,\' ilK

II/ + !lll + 1111.,,I I'll,.
1

~PI + ,1 (I'll,,),.
r

(lll,ali)

" (1) 11'/ + 1'1',. + III'., U, "p" + '(/'1') ,I ',/',",;!',,,,
I' " 1('"

(1 1l,:I(j)

1
,. (/'1'), 1 II., 0,
l'

( 10,:1'1)



10.1.1 Ty}>t'sof linear instability

In tho pip!' Ilow ii,\':->ll'llI. I Ill' mudul !'iliapl'S of Ilu' il1~tilbilit,\' can l'itlll'l' bl' roru-
t jn;Io,l nnnvt lkill about !Ill' orh',in (.lXi",\'IlIlIll't ric), or ptl"~'1'~~all ivilutlt hal
d" '''1'.11 I('{' (non -axi-vuuuet ri« 1. III !hI' lut I1'1' sl illl' u lI11mb!'1' oj' riiIl'1'1'I'1l1 1'!l1l-

li~\11l'al 1(1ll;O;can (lI'('lll" I'i\('h wit 11 un iUII'I',I'1' iI/tllml hal !U''1IlI'IH'~·. 01 all I hI'S!'
IIIIUl!'s of ill~ti\hilit\·, th« two must punniuout ill'l' Ihl' nxisvmnu-tri« nuulv uud
t hr- non-uxisvnunrt rir 11l1Hl!'with all H/illlllllial fn'll'iPIII'~' til' II 1. III th!' (,(P'"
of HI!'illb' JIo\\'. I Ill' I'qll,ltiOl. hi I hI' , .isvumu-t rh: ['ilSl' i" I lu- ~t l'iIi:',hHol'\\,ill'lI
S('xl u-lntiou [Ilrol:h, ,'," Hpid !InSl)]. The uou axisvtuuu-tri« equatiou i~uuu h-
1'1llatkall~' mnr« rmupk-x all!: l'l)ll~bl:, of a t'OlIpl!'11 ~'I'I or llim'l'I'utial"i'\l'll\'ahw
I'I(UatiOl1H !~a'l'Iluaiu; ,\ ('h,,;, (l!liih)j.

trnli1;1' thl' htahi1it~· olplunur llow - wlu-ro Sqllill'\; (W:J:l) tlll'lll'" lllklalpH that
t III' twodhnr-n-knral 11h;!lIl'billll'l'ri ill'!' ulwav« I hI' 1110:,1 lIW.lid .,' ., I hl'l'l' i" 110

gllilliln!!'!' that axi:-,\'lllllll'lrk dh;lndl1llll'I'H ill it pip(' ~;~'~;t1'1l1Ill'!' tltl' HUlI'(' rluu-
,~('1'()11", III fad, work h,v IIllilll!" ,': l'lll'lI (Wi ln. b) allli nal'~~ (Ins!) inelirul«
that pip!' lulot Iluw hi lun:,1 Illlslilhll' t'l thl' uou-nxisviuuu-rri« (lblmhalln' with
uzinmt hal wuvruuml.or /I 1. 'I'hu», hI l'ic! Iy spl'aldllg. I Ill' uioro rumplvx rv-
lat ion shoukl IH' 1'1llJlln~'('11 ill "olljllud ion with IhI' Sl'xl l'l'la tiou, ill mIlt'!' til
(1l'tl'l'llIiul' Iullv till' l'l';1jHlll:;1' or tltl' pip I' lnk-t 10 gl'lll'l'a! sutnll disturlmun-s.

Ilo\\,I'\'I'!', Iluunn ,\: ('111'11 (l!li ill) ~h()\V('d that 1111'1'1'\\';HI only a sruall uuuu-riral
tlill'('l'l'lll'l' 1I1'\\\'l't'll t hI' nxh~'lllllll't rk alit I unn-axisvuuuctrir mluhmuu nit irul
HI'YlloltJ:; 1IIIIllhl'I's (ill t Iwi!' ('al'!' N( (ITit] " W 'iSH rOI' /I 1 liS 0pp0;il'd 10

Uf'tt'l'it) l!) !lUll 1111'11 0). TJH'~' abo },Iu)\\'('d t hilt thl' two varlntlons of RI[nit.!
with uxiul tlil;tlllll'l' 1lPlll'Oadll'ill'h other to\\':'l'll~ th : inlet. awl thnt tow.ll'd}l thls
limit, IhI' nxi-vunueu kill lli:.;t1ll'ilall('p hus prulllilll'W'I'. 'I'hi» h. lWt'ilIli't" as lilt'
piJlP ontrauco i:-l Hpp)'o;:l'iu·(l. 1111'bouudarv l;1~'t'l't hiu», uml aplll'tl'.illllltl'~1 111m!'
ant! mnrv a t w()'IIi:'II'II~;in,11I1 Il()Ulltlnrr 11I~·(,I'.wit It t hI' result Ilin I till' SlIuh'l'
{Wa:n ('l'ill'l'ioll hl'('Olll!'S uror« valid. This \\,iI~ ).1'('11 ill IhHlIl1\ I\.' ('ht'lI\' (Ulilh)
\'(';;1111 H. 'I'hl» IIlllllHlalY 11I~'t'1'lu-huviutu' ill thh limit b iI1111'1'('111ill till' 1'.()\'l'l'lIiul'.
('I(llal iOIl;;, awl b tl('llltlll);ll'Ill "II ill a laIN' dmptl'1'.

Ti.t' ('lll'l'('llt iuvoxt iI',al ion ('Oli('PI'Il:, IIIl' til'\'!'itl)llU(,1l1 of il :;1n hili Iv iuudvl 1'01'

111li'it('iltl~' lIO"'K. 'rill' Ind. or nuv alllll'PI'iithlt' l''':'l'ill'!')1 ill till' iit'ld 1'1I1l~'jllHti!i(,f1
t IH' l'llll}litll'l'al i.. I or Ih(' slrunlor • Hxi:;~'lIll1l1'ITir • tli"t tll'll1ll11'I')' llrst , 1'1'1',al'll1l'~;1'i
of wlu-t hl'l' Ihov urt' I lu- most unstuhl« 11l(II\P:'; Ill' uut , TIll' dtl~t'll!'c; ... of r('~ltlt~
1111'Ihl' two I~'lu'~ of dihlUl'billln' ill thl' Ht('all~' l'iI:,I' will quill' pl'tlhilhb' illlid ill
I It!' 1l1l11'('1\I'lll'l'al, uustondv srudv, 'I'hus ill unlt'I' to Hat hif:\' I Ill' Jll'itllal'~' !'ooal or
thl' l't'Hl'lll'l'h • Ihl' 1l1111t'l'slalltliul\ of till' 1',l'lH'l'al",tabilit~· lu-hnvlour or 1IIlstt'i\(I~'
Ilows « whil« I'l't ilillil1!,. ~illlplidl~·. It ('ow.iI!pl'al luu or 1hI' i'iillIJ1it'I' a:-;i~'~'llllllpltit'
llist nrhanr« lll()tlt·~ i'i sullklont. 'I'hr nun- S\·III IIII'I rit",l slllll~' hi t hll~'!t·n ,,~ 11
t (.pk fill' lurt lu-r r"~it'!ll I'll, III rad I Ill' !.illlpit'l' Iloriva I ion l\i\'('H hl'l't· will Ill't'!'t'lll

11h' l'r.lllll'\\'llrli upon whkh lhl' lllll!'l' r oinph-x illlill.\·"j:. rail II(' lmilt ,
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(1O.a 1)

Tho ('qllalioll~ (lI1,:l:ll HIltI (10,:11) ur« I'lIllil'it'llt to {it'M('lill!' til!' hhdl HI'~'llOltlH
11111111)('1'Ilwill'alb' llow ill a pipl' 1'111 ruur«, 'f1I1' pail' I'OI'Ill it ('Ollpil'd ~I't of' pari lul
(lilli'l'pntial oquutiuu« ill II HiltI I' ulon«. BI'I'all"t' tlu- ahov« ('lJUatiOlll' ,.1';' dl'l'i\'('1\
Ilh,t'I'II~' 1'1'0111(lO.2S). (1O.2fl) uud (10.:1111 without all,\' a~~lll11ptiollH.lh('~· al'l' 1111
It,,~,~1'('sll'it'liw thuu the' latter, Alt hOIlI'.h t hI' illtl'l'.ral uud honudurv 1('!'lIIH in
vquutlon (lO,a:!) lllil:\' /-'iI'PlIl uwkwnrd, it will Ill' 1i1111WlI ill rhaptl'l' 12 that thl'
uumorirul jll'tH'('(hu'p tn'alt' thom ill it uuilorn: nnuuier, and thus 1111';.'oll'l'l' UII

impodirnout to tit" solution. Tlu- I'qllatiOllli an' nun-linvnr: 110\\'('\'1'1', tltl' soluriou
tt'('hlli<lI11' I'llIplo,\'I'(1 will h.mdl« 1111';;1'uun-linoarit il'li jll'OPI'l'iy. aud uo liW'Hl'hiill[1
will 1)(' 1l('('!'HSHI',V,

10./;1: Tho unsteady stability equation

Thi~l !'('('1ion is ('011('1'1'111'(1 with 1hI' dl'rivatjull 01" "11('1\1' Htabilit~, I'qll,lli(lll
applil'ahlt, to iH'('(ll('l'Iltilll'; pip!' How, Irom til!' I~I'I l'ljlllttiollN I\i\,!,ll ill fit'(',

HUll Ill.:!, '1'11(' dorlvatiuu Iollow« tll(' dni'i~it'i\1 1I11}ll'ual'i1 to lhu-nr Htilhilit~' [i'il'l'
J)l'a~ill .'\: Hl'itl (Illxl). Lin (Ulliii l], A W'lI('ml ['01'111of (li~t urluuu« b illtt'o(hu,(,t1
illlo thl' gowl'llilll\ f'([llati(lIIK. t Ill' l'('lillltilll~ oquntiou« HlP lilll'arisl'(l ill Ihl' dis-
Illl'imlll'l' qnuut it iI'H, nnd it cuiuph-x IUil('I'('utial l'il\!'uvah1l' problom dl's('l'ihiuf',
Ill(' lilli'll!' lilahilily of till' Ilow l'I'HlIlIs. IIO\\'I'\'l'I" thl' oquation dl'l'iwd II!'!'!' will
hI' SI'('1t to \1(' mnro W'tl('ml ill it"! uppliratiun t han till' SI'Xll'C[lHllioll fot' stl'H(ly
pipl' How, hut 1'I'(IIll'illn to tltl' latIN' ill till' lhnlt or !.I'ro iU'(·I'!t'l'atjoll.

'1'lw only known "lability :411(1y of toiupornllv II11HII'(uly llow» is that h~' Shou
(1 !)(il), III' Hilow!'cl ill t hili lliolll'l'l'iug work how ill\'h:('j(1 lilH'i1I' HIability would
allplv 10 a Ihnltorl lil't oi'jll\mlll'l (l('('l'h'l'Htiu!-\ 1I0\\'H. ill which tho wludt), dlilllP'('H
with thuo illlllltllUil.lltip oul,\' HI'! 11(1\0 ,~ ll(I') , '1'(1). lIt, ill'!.\Ill'11 that tilt' !'att' (If
illl'l'l'tlH(' of till' l'll('l'!\Y of IIH' Ilisllll'halH'l' 1ltHI 10 1':\('I'l'11 tho nit' (If illl'l'l'ilHI' of
t11(' 1'Ill'I'I\~' of tltl' ha~(' How, in Ill'lll'!' for .~ (IiHI'lIl'lHllll'l' (0 hI' til'l'llll't\ uustublo.
Thif; 111' II'l'I1H'(1 7IIo7ll!'lIilH',Il 8111hdil!l, 'Iu I'atisi\, thIs ('l'ill'riIlU, 111'"how(,tl that
for hlHlahilit.y ill such it Sy'}{(l'llI ill Ill!' illl'i,wid limit, "I '. il/(~J/. whore U ii'<
tll(' iueun Iluw w}.H'ity. ruthor than ('I ,() uppllrnhl« for 1J11!1~i,,};!t':ul~' JlUW~l,
'I'hn», (\11 ltI't'l'll'l'itthll\ [In\\, wnuhl havo u hil\llI'1' t'l'itknl HI'~'llOl(h 1l11111ht'I'(han
nil it11'111kal lillI' lill!lwitl!\ st (,IIIIY'HI ut« lu-luwiour, w hill' t hp ('Oll\'l'l'i'l1' woul. 1 apply
fill' It tl('('t'it'l'a(.iug Ilow, TIll' )1, '!{/ (1'1'111 ji'( Iamillnr Iron: t hI' nunlYl"i~ 1I('SI'{'tj01l10,:!
as I hI' <t\lallt it)' H • Iho !\('('plt'l'IIt lou puruuicu-r. Shl'll'}i al1ab'~i~ \ViiS lhuiterl by
itH inviscid nnture, Fill' ViSI'{)\I;; (liuitt' HI'~'IHlhls 11IlIlJIH'I') Ilows, h!' Hlw,\,p(1 that
his allal~'HiH was oulv valhl ill I lu: limit of \'I'IS Icl\\ '1I'('l'h'ratioll}l.
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Tho above rononnalizod equntions giw til(' impulsively Htartl'(l S,vHtt'lll of (In
Silva (1u!)(J) for !2 "" 0, Furthermore, thov aro Ilovnolds 111l1111)(11' indepomlent,
so It Killglp solution Ior It particular Sl(tl rvcovors un outiro Iamllv of flows with
dill'l'l'l'ut Reynolds number mll!',I'S, A" will he shown in ChaptN' 17, this }loint i:-i
V<'l'Y import.ant fot' th(1 ('as(' of impleiucutution of the stahility nualvsis, ill that
It sillgl(1 H(lt of has!' flow results call Ill' Il~p(l to (il't('l'lllilu' stuhilitv throughout
till' Iull l'a1l1\1' of HI ,

10.3.2 Elimination of pressure term

As mentioned nhovo ',H,I numerirul solutinn 1IlI'th()(11\1l' tlIP Navif'l'·Swkt,1'l awl
Idat('d ('ql\1>':,llIs lnvariahlv Ims (lifli('ulli('H with tlil' llrl's~llr!' !PI'Ill /', 'I'ho up-
I"" U ildopt('d hl't,l' is to UKl' 11 Ill'!'HSIll'p·illt!'gm!lllptliOlI wlrirh, while oliurinnt-
iug tll<' 11l'('Ki'i1tl'l' tonu, will do so without upproxhnntion alIt! will still allow It

l'Iituph' unrl uuilonu IlIlIlH'l'il'lll trrutrnout,

Broilclly HIHl!lkillg, tIll' 11l'(I~tnll'('run h(1 elhuluutod hy l'C(llalill[\ tIl<' H\'('l'ilg{' PI'{,S'
;l1\I't' ut a pnrtirular pip!' C'l'OSS"Sl'l'tiOl1 with tho pl't'SHIll'!' at auy OIlC' point. This
is !lllssihh' \H'('!ll1S(I (lO,2!J) lit att's that tIll' jll'(ll'(S\Il'(' is a Iuuctlou of ,I' uud t oulv,
'I'his 11l'O('l'('{IH UN follows:

TIll' Hlltt('lll!'llt tlllll, th{l I\\'('l'a[\l' Pl'l':-ISIIl'(' is eqnul to tho 1l!'11IaIVl'(,S::ll1'(1 is oquiv-
uleut to Ill!' muthoiuutk-ul stat!'IlIt'1l1

(10,:11 )

Tilt' rolntiou (l (),:n) is 110 11l01'l' Ihall {1!1.2!l1 in it {1i[i'('l'l'lll gnhw.

'I'ho \\'it~' forward h, 10 lal\(' tIlt, int!'gri\l }f.(1 ri.1 o['1Hllh Hi(I(';; of oquut lou (lO.2H)
then by vlrtnc of tIll' <'tjllality (10,:11), 11lI imlopendvnt «quutlon 1'01' th(' Pl'!'SH1U'1'
is ohtulu«]. Usiul!; tl1(l rontluuitv ruushlorution (1O,aO), ('I'l'tnill t('l'lll~ ill Ill<'
l'(IHlIltiur; oquntiou call 1)(, oliutinntod. Tit!' rosult of this i111l'gl'al.ioll il-!

(lO,:tl)

Eqnal.joll OO,:!:.!) llIay now ht' ('(llllhiu<'d with cqnutiou (lO,2Hl, ill order to ollm-
illal!' I It!' 11l'!'l'H11l'!'\('1'111, 'I'ho l'(I~lllt iH shown In-low, 'I'll!' ('outiullity 1't'Cjllit'('llll'ut
(w.aO) is also l'l'stntl't! ln-low ['01' ('Olllpll'l I'Il(lH~, Till' 1'1'l'lIltilll\ ('{Illal iOllH an' lUI

follo\VH:

i) l'j '. 0111 1 n ( iJlI):'>",'" l'II'rtf''':'>'. +=';'''' 1";'" (1n,a:l)
(II' , \I (ii' l' 1 I' ell' cJ I'
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figure IU7 for it tvpical HlI!'h plot]. This is tlie stl'Oll(.!,('st possihl : vlurllrat ion of
tho power of tho rouurmaliscd oquntions, ill t hat it simple Illllppillg from an ill-
1IIII'il/lIi Hlplt(b"stal(' solution ran explain 1It(' d(,tails of it highlv «cI'Pl('ratiw has('
flow, This iwctioll is a hri(li ovorvirw or t lIP hohnviour (If 1hI' co-ordinat« iunp-
ping. and dptaii<'cl muuerlral rosult« Ior th(' i\('('p]('1'a!iu(.!, ha-«: Ilow an' !,(lulaillPd
later ill chaptl'l' lIi,

10.3 Laminar base flow equations

TIt(' ahov» c\(,l'i\'atiolls have 1>('('ugl'lll'ral ill nut uro, wit h t 11('full iIXisYUIIIl('1 rir
hu-ompn-ssibl« Navier-Stokos oquation« hl'iU!i (·o!lshk ...·d ill IllI' context of un-
stl\a(I~' llows. III 01'11(11' 10 uhtnin ,\('('II1'at(' lamnun: rosult« from Ih('s(' !\('upral
rolatlons it iH approprinr« to silupli(\' tlmu somewhat 10 ('xjlPC\it(' III(' solutlou
PI'()('PH", This S('('I ion is ('OIl('('l'uP(1 wit h sitnpliliru! iOll;; lI><p('1I1 for obi aillillf!, ur-
('I11'a(.1' laminar solutions for !lip 1\I1stl'iUiy pip!' outrnure Ilow, III til!' Iollowim;
l'l('('tjOll til!' (h'l'i\'alioll of Ill!' nonnul uunh- f;tnhilil~' oquutlou for this svstom is
('Oll;;i< h·I'('( 1.

10.3.1 The high Reynolds number approximatlon

'I'll!' oquation» (10,21i). (lO,2H) nml (10,2;) an' Ill!' (lilll('ll:;ioul!'ss Ionu of (ilt'
reuonnuliz«! iw'olllpl't'!'sihll' Navior-Stuko» cquarlons ill all nxisynnue! rir H~·S·
1(1111, T1u' relntiv« hupurtunco of til!' vnrlnus 11'1'1111'1 Ior pip(' Ilows is imllll'(lin!l'ly
ilppal'(\l1( hy ohsl'l'ml ion of til!' Ionus (,lUh()(I~'illp, (hI' H!'~'llOldl' numlu-r ill 1'!IIl\l'
tlous (lll,2ii) and (10,20), III 1\1t' Ionuor relation Ih(' nxinl dllfuslou tonn ;:~'}
s('al('H as HI' .~ and thus h('('oIllI'S lI('!di~dhh' at till' H('~'Il()I(lli nmulx I'H nt whlch
truusitlon ()('('IU'SH, Llkowis«, ('ousidl'l'ill(.!, equatlon (10,20). 111('high Rc ilPIIl'OX-
hnntinn "Ia!t's that IW ::::; 0 whlrh il1lpJi(';; that }' "" /I(i. i) ulouo , TImH ('O!' high
HI', tIl!' I~OV(ll'lIillg ('lIllal ions 1'1'(111('(1 to

(lO,2H)

(lO,:!!))

(J n.au I
orrurs itt it minimum Hpynolds iuuulu-r of utlProxhui\lt'I~' lllllllU, II1lIS Ihl' uxial

dltlusiou ronu is SllIilllpl' h~' H on!t'I'" of mnnuiturlo ill rnmpurison with tIll' uuuuinrlor of tIll'
oqnntlnn.
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solutlon for tho equations will menu lnvarianre ill this trausfonu«! hasis. For
Instance, if till' flow iH Illl<i('1'goillg uu exponoutial nrcvlerutlou !I ::::k, 11H'1l 111('s('
«quutlcns will pruclurr it stpa(Iy-statp solution (a[l('1' tll(' trnusiont» have died
away) in tho (liull'llsioulC'ss systPllI. !Io\\,PVC'I" tltp lllapping.1' 1-" .,' is proportional
to Fi rhus ill the ]lltlJ.~i('(j1 co-nrdluat« Hyst<'lll, IIll' solution domain ('IH'OIlljlaSSPS
1ll01'P uurl more of t.lH' pipo ill au oxpoueutial 11uuuu-r. Figuro 10.5 shows thiH
llHtl>pillg ill OIH' IiUH', awl t1H'U at Inter t hues as t 1IP vclor-itv itl(·l'l'as!'s. This
Ilguro rlomonstraros how tlip strolll.!; variation in au iU'('plpralillJ!; pip« inlof -
a substantinl and reutiuuiug bouudury laY('l' t hiuniug - is solely It result of u
lllappiug Irom au invnriant solution,

Transformed basis Physical basis
:~

··..L--· .. :~-k.. l·l.-- · .....··--.--1··
e : Jd. LJWJ'h·"f~)t·,n.',i..·i·r 5'LLUdi LLbd

'l[lbdf i' :./i_ ~/'.;" -. 'lUddj- .!" -,-'" - _.
: :,.,' ::;

lnvnrlent i!~ / :.... : 1~ , :

'T/I1/: ·· ..r lfrr r .. ,' ,.. 'I"
~ Ld:_;..:-:;..-----;:

"tWI"" .. ,' r' 't' ~~,.i.,,:,.. ,',.. ,',.. ,''j.~ulii :::J
. 'Q::!:~ - .. , - -." . - .. UlL_'.:.--i--i-. _:_ , .I. - - -,.. - - ... - - ... - _ ... _ - , .. -i'

Ii! I J i i .
'. _ . .,....=:::==!:: ::::::::::::::========j

2 ,
(

4

Fig11t'1' lO.G: TIll' di'P('1 of 1111'variahl!' lllitppiuA .1' H ,I' Oil til!' IH'l'('pptiou of nn
hlljHllHi\'(lly .-;tart<'cl i\lld oxpouei-tiullv l\('('!'lpratiug pipp outranro volocltv flow
(iudkaU'cI Ill'illg dbph('Pllll'ut t hidwpss b') ill tit!' dilll!'llSiouh'ss co-oullunt l'
svsroiu, iroin It posit iun of cunstnut .1' ill tIll' physical co-ordluat« syst!'1l1. Tit!'
dnsho.l Iinos itulimtl' lilH's (1[' runstuut .1', TIl<' physki\\ v,wiatioll \If' ll'" i\! an ,I'

station .r k i.-; iwlil'Ht('(l ill th<' a('('()lll)lHll~'illg plot.

Iuunodlntolv nppar(\llt iH that. th(' form of the' r<'i'mlts ]ll'ochl<'pd h~1 this lIlappiug
is hlNtt irul 1(\ t lIP oxporlmeut !lln'HIIII s Irum ('hap! ('1' H for <'XPOIt('lIt inl flows IS!'!'
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(iv) For nnv Iunetioual varlatiou U ::::no. tho vquivalont 0 ::::U(t) ('i\11 Ill'
Iound from relation (10,2,1),

The ncrolorntion panunotcr is a f())'d1l1~ Iuuctinu on I lie ;;~'sll'lll of (,<[llill ions
(1(),2ii). (lO,2(j) awl (H1.27), It i!; Hot IIl'll'l'lllilH'<i h~' tho svstcm hut is imposed
from tho outside, As ;;11('11 111('1'1'j:.; lJO limitation OlJ ill'! Ionn: Iuur+ious with
arhitrary tcmporul vnriutiun, oven dixcoutinuous funct.iou«, run hC' llsl'd, NIt-
iuoricullv, nnv value of ~t mil 1)(' supplied at ('adl t illH'-st t'P, This opens up
unlimited pos,;ihilitil's ill It'· lS of sturlviug uustoadv pip« flows, As all oxampl«,
an impulsively part.iullj I' ,,:,t'tl Ilow (a Ilow (h'('dl'rat<'d Impulsively Irom it hi~h
H('YlIolcls 111l1111H'l' to it lower 011(') can Ill' mcdr-llod silllply h~' making S! 's: II ('01'
it short rim«,

I'his parameter WIIS first introduced by Sh{'1! (U)(il) in his pi{)]J('C'rilJA (aIHI ouly
to date) study Oll t 11<'st ahilily of at'('(·!t·rat.iui!. Ilows, This tonn uroso ill his
luviscld stabilit.y unalvsls of solf-shnilur a«'('i(ll'atiul-'; velocity profiles, lUi a ratio
hotwocn Ill!' ouorgv of thv haKP Ilow and the PIJ('I~>' of tIll' disturbanc«, III' did
not g('lI('mh' uuy hm:p Ilow 111<1(11,1.('{JIu'Pl'ning himself mainly with Ihp stuhll-
ity bohavlour of urhitrary 11l'pscrilH'<\ iuvisckl prnlilrs, l\losH (l!J!1l) <\('v('lojl(,(t it

lmuiuur model for t lip It'ulI H)l'nlly {lp\'!'lolliu!~ Ilow, lnrurporut illg t hp ('ffl'<'Is or
It P;<'IH'1'1l1 1\('('!'I!'rntioll, This wns Ionuulared lI~illi!. it nunnontutn-Iutegrul t!'('h~
uiqu«, and tl1<' ucroloratiun partuuotor nroso nuturully ll'OI11 this 1I11alYKis, TIl{'
simpliliod unturo of t lip forumlatiou rosultcd ill lhnitod r(,H1IIts. ull hough his
study show«! t lio qllalit ativr p£l'p(,ts of ,\('('ph'ratioll ('ol'l'('{'lly,

TIl(> cxporhuontul srudios of Lolobvr« & Whit!' (l!J8!l), (lU!Jl). also innnrlurod
au ouorgv-ratlc tcnn unnlogons to t IH' H('('plprnt ion jHU'iUlH·Wl'. TIH'Y WI'1'(' con-
corned wit h I'll(' prrdk+lon of transition ill It 10111-';piJlP IIlHit'l'goiJlI-l it ('OllHt alit
IH'('(' 1<'rat io 11.

Tho parumotor (10,2,1) thus HI'i1WH naturullv from the Ionnulntinu of It properly
1I1Uit('lH!Y Ilow systom, It is It pnramotri« quautillor of 1t('('{'It'ratiou in as much
IIH th(' Reyuokls muuhor quuutilios t ho llow wh.'ity,

10.2.6 The behaviour of the axial co-ordinate

While t ho rononnallsntlon of 1/ is Inirlv strnightforwurd, it is t lu- scalillg or thl'
axial co-unliuut« ,I' that lH'P(ls further olucidntiou: tho dlnn-usiouless panuuotor
,1'0 is It Iuurtiou of [T. aud scalps as ,1'0 :x [T, Thus Ior n flow with SIlY. incrons-
iug Rrvnokl« 11111111)('1'. l\ll~' coust alit rpgioll [,"I. ,1'2] ill t ho physical ru-ordiuutr
sysh'lll maps 10 a Ilt/I'il/bil' 1'I'ginll ill thl' dhuonsloulos« svstotu of (I!'('l'('asin!\ si'/('
[,"l!,I'o"I'2!,I'Il],

It is JlPl'hiljlH clonror if this iuuppinn is oxpluinod ill t he ('()lIWI'SP wnv, Equu: ions
(lO,21i), (lO,2(l) and (10,27) an' in tprlllS of t ho diIllPll;o>iollh'~;s vnrinlilo», As t hr-
dimvnslouless has is iH t he nut ural I'l'iIl1l<'\\'01'),: for lil<'Sp I'<tnat ions, nil luvnrlu hI
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As :-;tat!'(1. tho other IHl1H'Oll~1 ant tonus ,1'0 and Jill urv 11('\'1'1' dillorontint I'd wit h
1'eH1><'clto t awl can t1tHH bp tl'l'lltpd ill thp ll101'P ronwutional HPIlS(' as coustunt
l'o('flici('llts, for tho sak(' of this dorivat ion,

If till' pnruuiotor

(10,:.!·1)

is doflned, then t he [T 1orms ill oquation (lO,:.!:)) art' conveniently eueapsulated in
tho 1('1'111f2, Tho iucorporutlon of (lO,2:l). (10 '),1) along wit 11tho 0111('1' (constunf.)
non-dlmouslonal suhstitutious (W,lD), {lO,:.!O), into oquntion« (1D,H), (10,f)), und
(10,10) lpads to tho diiuensionless fonnulat ion:

(l!l,:.!1i )

(lO,:.!(i)

(lO,2i)

10.2.5 The acceleration parameter

Tho Sl term ill equation (10,25) introducod as rquatlou (10,2·l) couveuleutlv dr-
snilw:4 111<'cl(FI()wmt('l/clt b('hll\'ioul' as diHtill<'i Iroui the' cl(Pl'OHlI' sImpI' dHLllg(')/dl
bolnwinur gOV!'l'II('ll by th<' l'PS( of (l(},21i), AH such it iH tPl'llll't\ 111(' /lcl'dl'l'a/ion
1'111'11 m eirr. TIH' form of i2 Ior various forms of riff <lI'SI'l'\'ps HU'1l1 iou,

(il For an hupulsivoly HI'('('ll'l'n('cl Ilow, 12 :::, 0, awl til1l~ uution (1(),:l!'i)
1'('(I11('oS to tIl(' more couventionnl form p,iV(lll by cia Silva (lODO) [ill' devol-
opiup; 1I0WK wHh u stmcly HUISS now 1'111(',

(U) Fen' systt'IIlS ill which tho 111(''111 1I0\\' varir« us ('(I) :.;11/", tlu' nrrr-lornt ion
panuuotor H :;;:Il(!) :::.:T d(llill<'S tltl' (lll'pct of It polvnomial m'f'C'lpratioll.
In (.his ('[\S('. t\t(l ('j['p!'l of tho at'('l')Pl'ul ion dlmlnisho» ill timo for any II,

awl tit!' dimruslonlrs« s~'st(,1ll npprol\('hps tllp :-;aIlH' limit as tho impulsivo
('asp for larAt' t . Tho roustuut-nccolcrat iou experinu-ntul Ilows of L(.fl'llVl'l'
,\.. Whitt- (1!l~!l), (l!l!ll) arp dp~lTibptl hy spttillg II r., 1.

(iii) III SYS(OlllH whoro U \'!trips (,XPOllolltiltlly as F(l) ;;:,'II p};I1(III), tho urcolrr-
ution furtor 12 II is iI (,()1I8iu/li1llU'alIlPh'l' ill Ill(' S~·:-;tPIlI. For latw' /, tho
systom 1tPPl'oi\l'lif's u ('ollsl au! liuiir dillrrout Iroui Ih« iiupnlsiv« ow',
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1.5 11'"

w(x,y)

0,5

\
o
o

o~'
y 1 0 ,~

Flguro 1{),,1: Til!' vnrlatlon of it nonnullsed g('lll'l'ai fuuctiou 11'(,1',II) ill IJH' l'itllr,p
,I' <:: lo,1.-J. II G [O.lJ. xhowiin; til!' enrupsulntinn of tl1(' unbounded variation of
111('origluul function II' ill the torm 11'0'

wit h F dollned as

(10,22)

TIl(' oquntlon (10.21) is ('(ll1i\'I\I<'111 tn Sl'Potl'Htiuv; tho axial \'('Jodty's time <1(.-
pPIHiPl}('p Into two ('OlllP01H'UtS: Iirstlv Iho stnl!l!lllHlAlIitlld(' l'i('aliug dppl'udl'lll'p
(T unrl ,';('(·OIHll.v tho lI'ntA' prolilo shnpo 1(,lllpoml vnrlutiou, This sopnratiuu of
varinuvo allows thp l\ovPl'Ilillr; pqlHlt jOlls to hI' tonuulut 1'(1 unalonously lot ho
dlmousionk-s« approuch or dn Silva (l!J!HI) lor hb (,il~(, of Impulslvelv :,tal'lp(!
plpe cntrunro f1oWH, '1'11('I'(,Hllltill!~ oquutiou« will ho showi, 1(; rontniu da ~i1\'a's
relat lous ns It limitiur; ('as!',

As stutod, ('al'l' must In' tukou to inauipulutr 1'1']1111(111 (W,:!1) 11I'o1lPl'ly, Tho
thuo-dorivatlvo of 111('product lll1\sl hp «vnluuted IIsilll\ t lu- pl'Otiu('1 rulo of t1il~
{(·l't'llt intion ill'<

iJ
IJi II
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TIll' upproxluuu« solution rot' II run IIII'll h .. Ill'P;;l'lItI'Il aM

IS)( I") "S I I . 'I')1/ , "I> II 1k','kl'

Th« 11l1l'l)lI~1' of I hI' umnork-ul iurt 1)(.1\ hi to litul Ill!' \'ahll'l' of Ill!' I'xpau:.itlll
('()('lIid(lllt~ riA sut-h that IIII' illl('qHlialiu1'. ~I'l'j(·~ I'(illalioll (lUi), j".l" ,IITlII'al('
a 1'I'Pl'l'!'t'1l11l1 lun or tilt, 11111;11O\\'1I hill!'! iUIl mi Jlo~~ihlp. 'I'll do I his, t ln- n'~iclll;d
]I , , .u il(!.;') iN IUillilubl'li h~' t'llfUl'l'iUl\ till' rtuulit iun

(11 Ii)

'I'h« 1'l'Hiliuai i~allal~'1 kall~' rulrulnhl« llt'('illl~l' II! IIi!' Hitllplt' natun- ult hI' t dill
Iuuet iOIl:; (pi 1111'1' Fllmic,t, 01' pulvumnial). II!'!'!' I.'k ill'!, tIlt, II'; iI Iunrt iou», which
(\(,j('l'Utilll' tho wl'iglit:. of til!' l'(lsidllai, B~' lIfiiUl', "lIitahl" :wts 0[' trial and t('~!
!'1l11('limIH Ol'thogollalllll 1,I'l"l'~l,lIlt' iUI('gml (1 Ui) ('1\11 b(' IlHHh' 101'('1\1\((110 it

f,illlpl(' 1111'111, t lint h-i, for! ('miN lil\l'

(11.;)

tilt' I(11'lI1 1\, c'' () fol' nil ('a~l'~ wln-r« k / i. What 1'('l'llitH i~;it r;pt of .\' «lnmltuu«
Ol1H (l(lllltliollH ill t hI' .Y uuknown ('()(lIlid"!il:' riA. '1'11(11I11xiliar,v ('uudit iOllS ( 11.,1)
HI'I' IIHllnll~' I'uf(ll'n'tl at lhb :;1.11\(' ill it \'al'iI'!Y or Wil~K: Pith(II' till' lrial l\ltI\II':,1
1'11111'1iOlls mI' l'IHlHl'1I snrh Ihal t hl'~!' t'1I1111i I iOllK an' ItII I (llllit! irully Hat i:;lh'l l, or
1'0111('0: Ill(' high(11' (It'd('!' ('lIllatlollH oillnilll'tl Iroiu (l'lIlH!i(lll (11.1i) al'l' (hopp('1!
ill fl\\'I1I\I' of tltt, i\\\xi1ial'~' ('1l1\l\itioIlH, 'l'he ;;l'('l'ilit' I\pplimtitlu of till' hl1\\lH\al'~'
('owli!iow, part it'll Iur to ('ai'll I,"}II' Ill' :-;:1(1('11'1\1 ;ul'tilo(l is ontlluorl holuw,

'I'his iN a l'ot'Ilt'l'al cll';o('l'illtioll of all :-.n l'tllll't\ ':-'lll'(" ral nu-t hmlH', Wit hill tilt' whole
:;I)1'('lml I\iIl 11111, til,' dwit-(I of I!'iiiI awl tt'~1 l'lIlll't!tlllti it. that wlik-h ti(ljlHl'ntp" 1111'
variou« upprunrlu«.

11.3.1. Collocution

Tilt' l'oll()('atioll uu+ho.l Wit'" "hil'tl'cl I>iI';\(' lunctions, plal'l'(1 snituhlv at Il{H\PI'
01' rnllorntfun poillts.lbl' Ih" 11',,1 luurtiuu», This 1'l'lhll'I'H I'qlliltioll (11.11) 10 Ih"
1'l'qllil'l'lIH'111 I hut t ho npproximat illl\ flltu'(joll should Hal i-Iv Ih" iltH!'1 lou ('XiiI'! l~'
ut !IH'Ht' points, which al't' :;pt'('inllv pla('l'd ill tll'dt'1' 1u 1'1l~l1l'!' hil\h il('('lll'il!',V ill I hI'
"lIlnl ion domuln. This l-iilllplili!'i\1 ion Illill\l's Ihis 1l1!'t1wll ><1'1'111\'!'I'\' 1111\t'h lil:!' a

Iinit('·dilli'l'C'Il('t' ~l'hl'lI1t', bl'l'i\II~(' tl'(1 (IXlHlU:-ioll l'tlt'llidl'llls iln' inIac'! ! h(' \'illlll';;
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'Iuhl« 11.1: ('Ol1\'P1W'lU'I' l'I'~'1l1 'of Iia Sih'a (l:I!HJ) lor I Ill' ()1'l'-SOIlIlll!'l'li'ld cqna-
tion lIpplipd 10 plaw··Poif,PlIiIlp IIow , with II 1 uml 11 ~ lO(UlIl, iuul cotupured
to t 11(' '(';.(ild' 1'(,~1l11of ()l'f"il1', (1 !lil it),

Oo~~" "O~'" -U'i',,1I11' ~.

~'f>rd(;l"
d,tSil\;;~Tm!l()f' "
.\' lOO
.v '.: :wn
s :Jnn
N .., '.... (I'xtrap.l
. ()i'~z:tt(fTi71al"
S 1-1
N : ~()
.Y ~a

o,:.;ali!l!ll +- 1l,()()O;lti Ii
(),~ai;lH 1 I O,()();li1S,
().:.!:Ji·His I O,()O:li:ml
(),:.!:ii:i:.!n + O,OO:Jillli

O,:i
(),~

Il,OOI\

N:,:.!!;
.\. ~:--~O

0) ....
uol

o,:!:m:Ji;jl O,{)O:iIi:Jlj I u :in,7
n,:!:Ii:i:.!H'li (),Oll;{i:ll:!'ii lUI IO,2:J7:i~(ijn O,(1(J;lj;I!IK~i !l,nn J
O,2:Ji;,:lCi.!,I.( 'I o,{)o:!i:mn7i '('Xill't'

O,:l:ii:'i:.!li l!l ! O,OIl:li:l!)(jii '('xill'l'

ill IIH' gl'ill d('lIsity Irciu :.lOU10 aon puiul H only ,vit,hl" all huprovoiuout of I hI'
error ill 111(1 illHII',ilHl\',V t'OllljlOlll'lll fro III Il.ii~t 10 O,2'X" Flirt honuon-, hU11l tlll'
real awl illlagilliu',\' vuluos for II "" aou an' oulv a('('lll'all' 10 at IIlIISI ,I Hh',uilit'ltlll
li[.llll'l's. This shuukl lIP ('ollll'a:-;II'(1 wit l: tIll' n'~llltsof (hl'....,~(tOilal, who
adl!t'wll ('Oll\'('IW'IH'(' 10 HKi~·,llili('i\1l1Iiuuros wit h It Ch(·h>·Hh"vnpproxlmn: illg
polyumulal of 1)1't!('1' :.!Il, 1I1It! at 01'11('1' 20 the 1'!'HIlIIs \\'(11'1' llolllillall,\' l)('tl{'1' than
t 1m! of <lit Silva.

11.3 Tho method of weighted residuals

Tilt' llll'tho(l of \\'('i,\III('(1 I'(')'(illllab (~1\\,1l) j:, 1111~(ltl Oil 1'!'Pl'I'~('l\tilll\ Ill!' ('XiI('1

Iunrtiou j'(.r) ill it ('01l1!lIU'! l'allg<' [,1'1 .. 1\.). h~' a M!'!'iP:; ('Xllitlll'ioll ill It ha:;i:; /.1', of
1I1111111111,\' orl hOP.ollnl fUIl!'1 iOlls of onler I', wit 11" dlOS<'ll surh t hal Ill!' upprox-
itllatill~~ I'('ri('s, .f'\")(.,')' 1::- d fI,I', 011 ["·I .. ;'~li~II HlI!liI'i('uth' dOH(, upproxhun-
I ion 10f(,,.). 'I'llI'I I'rllls 1/, 111'1' IhI' I' 1l111\l1o\\,1l I'xpllw,ioll ('0 I'HiI'ion IN, wliki, \\;11
h!' d<'lt'l'Iuitll'(1 hy till' SOllllioll 11I'!}('(,IIIlI'I" Solution is i\l'hi('\'I'11 ill Ill!' Iclluwhu;
wav, 'l'he arnunu-nt )lI'(l('!'('(b lhl' 1\ silllph' OIH' (lilll<'l1;;iol1011 ex.unpl«, A,,~tlllll' it

1\1'1l1'I'allill!'llr ojl('mtOl' .\1 Ol)('l'atillg Oil au 1111(\110\\'11 luin-tiou II 11{,I'). Tho
SOIIII ion 1'01' /I hi (1l'1l'l'lllilll'<1 h~' Iho dillou-ut iul l'(Illnl lou

,\[II . P ( 11.:1)

illOIlI\ with "allxilillr~' (Ilo1l1Hlitl'Y, }i.\·II11I1l'll'~·,lnitinl-vnlno, 1'1(',) ('ollrlitiIlW,

f,{I/) ~',.i o,·,·.t. ( 11.,1)
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ill tlH' (lis,'l'!'til,atioll tl!'('a~' a:-; (.6.,1')1' Ior all athill'al'~' Iinit« /' il~ IIII' gl'itl SjlHl'illA
.6.,1' 1I1'1'1'I!a!'liI'H '!,t'ro, Iurrousiug I hI' 01'111'1'of lli~('l'('ti:-<ntlOlI (for instum:o 10 it Iivo-
point grid Iunu it throo-point on«) will It II ~'h'''l am' a:-<~'Ill}llotk improvement ill
rat'(· or ('OUVP1'III'II('I', lH'(,tlll:-i1' t hI' order or (1i~'1'!'1isatiou J! 1'l'lall';; to I' iii it liiucu
:-<(,1I~1'.;\uol lu-r way of PIIII itll~ it iH 10 sav t hal liuit!'·<Ii1f'<'l't'lll·1' llll'l hill!,. ilrt' 1101

!:17ic', I i\ largl' hll'l'l'iU:P ill t ho Ol'llt'I' it< lII'('!,}i~iitl',\' III it('hi!'\'(' unv rouuneusumtv
ilH'l'!'l\sr' ill a('c'\ll'i\('~', Having sail Ithat. uiauv pl'llhlpllli'i roquirc Iln)~' aPlll'oxilllatp
solution«, aml ill Ihl'sl' ('a~l'~ I Itt' lillill'·<Ii1l!'l'I'IlC'I' met horl is c\(,I'IlIl'ci a<lf'lJlIiltl''>.

Till' solution or Iltl' Ol'l'-SOIlIlllPrli·lcI I'Cl'lilllOll Ior t ho 11'111))(11'111Slilhilil~' of plalll'
Poj:,;('llilll' flow hl't'\'PS aK a i~()CHipoint of I'Cllllllilri;;(lulill' I hI' variou« muuerkul ap-
Jll'OadH'S; IH'l'awW it II-!a hi!"h·ol'!lpl' unrl IIIltK rlillirult 1l1l1ll1'1'iI'al H,\'Stl'llI. and 1)('-
t'all~1' muuv l'(lsl'al'd!('l'~i haw ill\'('~ti!"ill(,t\ this ('as(', Two 11",\II'118n for this proh-
lom luwo 1'111('1'(',1'1\, First lv, mlrlllal ion of tit!' miuiunun crit kill HI'~ Ilolcb muubor
of R,' "" 57;2,22 (ohtniued an'Ill'ill!'ly b~'Ol'Slag (1!lila) lISillf~ a t 'hl'hysh('v-'1'illl
mr-thorl). and !'C't'Ollcily. rulr-ulntlon or tit!' I'igl'll\,ilhll' hlH·t't1'lllll for tit!' HllllU"
what al'hitl'ill',v ('as" or Cl 1 unrl it HI'Vllohls lI11l11bl')' of either nt, Ii ()()() or
HI' c.= 10 I)O() [Cot' ill:,tllllC't' Pil\,I'~' I\: llrazill (l!Hi!l)], OW' of tho ('arlin' ;;Iahili!~'
rnlrulut ions 10 hI' ('ilni!'11 lint (I' plilli!' Poiseulll« Ilow W!'1'1' tlws(' hy Thomm-
(1UIi;!) for tlu: I'l'olillmtiou of tIll' 1110,,1uustuhl« 1-,VllllllPll'k clblmhall!'l' mmk- al
It H('~'ll()h1H lllllllllt'1' of Ht IO 000. awl C\ 1. Hit, liuitp·llili'l'l'l'lH'P Ionunlu-
tion ttl'Wei It Ii\'(' point tli~('l'pti;;illioll. mul ill,lti!'\'('11 iI truunuion 1'1':'01' or orrlrr
(~,!,)I, <lit Silvn (l!)!JO) 11l't'~!'lltl'll it Iiuitv-dillorour« Ionuulation, which Ior t lu-
solut lou of I It(, HIahility of plallt' Pohil'lIi1ll' Ilow, \\'ilei ahh' I I) aPPl'oi\t'1t I II!' urvu-
l'il(',V of ()l'~~np; (l!lila)lhl' til!' tt'~;1('illi" of n 1. HI' WOO!) Oil plnuo Poiseuill«
Ilow, hut was only l\('hit'\'(I(\ h~' t1Hjll~\au ('xtl'(lllll'!~' Iiuo gric\, Im'gt' rmuputnt iuunl
tiUH'S, alit I ext tapolation of I h(' result i'I I () Z('l'0 grid sp;tl'itW;, lIis I nUlI'a! lou ('1'1'01'''';

\\'1'1'(' of ()(~.l,.t), H!'I'l'lltl~' (;\lHlil\'I'~O\l (l!l!ll). im'l'i'itigatiu!\ tIll' "1IPl'!\~' d('lIsit~'
or a dlsturluuuv ill plun« Poii'i(l\lill(' Ilow, nSl'd a "hoolillil lUl'tlwrl. lIP iutl'gmtt'd
t h(1 Orr-SOlulIl!'l'f!'l( I oquut ion t I'lllptll'all:v 1\i'iilll\ it fOIlt'11i on ler ;\c luuis l!uplid I
(lwtlll)(I, ami WIISnlll!' to I'xll'lIll I II!' i\('('I\l'i\I'Y or lti~ t'aknlnlioll 10 ()(J...I·III), III'

ntiliK!'<i '1:~:.lUOt\('K til solve tIl!' Htahi1it~' problem ll~jlll\ this ('xotit' uu+hod.

Fiuit('.(liHl'l'(lIl('I' St'\U'lllI'H, whll« nhl!' 10 adtlt·\,(, I\()(H\ t\('I'lll'at'~' wlu-n lill'1ll11Iatl'tl
with (lxtl'PIlIl' !'art', art' thus illh('l'l'ut'ly limited ill till 11' t'Jlidl'lI(·Y. as ('vidt'IH'(,(1
ill tIll' ('ale-nlal ion nl' roml IHH'( 11'1'i'iYllt1'111'; hlldl ilH Ilit' o rr- So IIII1I('1'1'pj(I (''III at lou.
As It n-sult of t heir hlPllkit·)H',\·, t h('~' l't'(IHil'l' lill'!'.(· ~tol'al\l' Spill'!' aIHI IHil' of
1)()\\'I'I'['lIl !'()1I111lltilll~ radii I iI'S til i\C'hiI'VI' il('I'm'al!' 1'1':-iu!tIi, Agi\iu cln Sil\'i~ 'I. I'I';illl I"
hil',hli~',hlIhc' limitutlou of it Iinitl'"tlW'('I'I'IH'I' 1111't.hOtl. ('uwihll'l'illl', hiK nualvsi«
I'm' t ho 1'1t.ahilily of pluuo Poisoulll« lIm\' [I lu Sil\'i\ (1 !l!1(l) " t I1I'IWrl'~;1tltSlit!' shown
ill tnhlo 11.1], it h rlonrlv ovklrut that th!' rail' oi' ('(,I\'l'l'n<'II('1' Ill' 11l1' IUIlSI
lIw,tahl" l'il~t'Il"ahl<' In l!t~' nm('1 ,,;lw I" of ill! al!\l'hmk 11011111'(' All illI'I'!'asl'

':;;l;ill~cic'i pruhulilv till 11l'(tlrH'al]lI" '11l'1'til'l'. thl' hlllll' IliU'I'II'IHC' IIo'(';(llil\lll 1l11S"ihh' ,(I'III!'
from tIll' C'illrllhH' of :-;,'\1'11114anti ii" IIll'thutlllf .It'llvatillll (t lu: limit tlf illh'ri\'illi\'I' it, ilIIHh'I"
I'll!'!'), If nlnhalllllill,\,tit'lIl111l'thocl' 1'lIl'h il" thc. 1'(lIHI'Jltllilll\' hllllJlh' IIJlI'fillioUill Tim ilJlllnHll'l1
liud ln-ou i\(hllllt'III'HI'I~' 011 h,\' !'1l1\llll'!'r~ 111111 >lthl'I' Ul'plhllll1llhl'llliltil'iilll!l, Ihl'll tIll' '!'ilS!' of
liS!" at I rihll!I'cj 10 IIU' (illitt"IUIl'I'I!'ll!'I' llll'lll!HI .li!:ht lu- hl'I'1l to hI' souu-whut of ,III I'XiI!\I',l'l'OItillll ,
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For iust uurv ('(lush\!'!' ill',aiu 1IIl' OIlP·(lilllt'llSicllal,·,rhl ,..110\\'11 ill lil\1I1'1' 11.1. 1.1'1
t hI' l'('Jll'(':.;('ut at ion of' nn unknown Iunrt JOIl .: (.1') Oil t lib ,wid 1,1' gh'l'll b~'.1 linear
oquution (: .~ () wit It 0I1l' of 1ht· houndurv rundit ions hduI' of I,ilupj" nirit'lll!'1
Ionn, 1'1H'dlkal1~' .~(,"(J) ,1. For tlil' fillill'o(lill'l'l'l'lI({' fumntlntinu. tlu- r-qunrinu
wnuld h« l'(lpl'I('(,I\ h~' itK mntrix 1'01'111illlillol'.tW ,~; t', wlwl'p : h a row vertnr of
IIll'IV uukuowu ,'"hll's :, al Ihl' Illll\t';; ,1',. I' h< tll'lilll'll a;.; I [ll II n '" 0 oj awl
~1 is all X :...X matrix", 'I'lu- !JIJIlIHlal'\' vuuditiou would tH• itllpost'(1 dil(,t"b hv
1'I'pladuI\ tIll' Iirs! column of I lit' OJl t'ra Ior ~/11\' 1ht' ruhuuu \'('t'l or [I n () ,,' !l (lj/'
and th« first ('UII)' of t' h~' 1. ~IOl'I' l'(llllplkatl'(1 (;\1'1\111<11111, Hohinl houudurv
rmulitious mil Ill' a:-st'l'll'(l ill similar, hut l!o)<isihh' 11101'('<lillknlt wavs,

11.2.2 Solution procedure

~lm.t formal olH'mlOl''' 011 a <liH'l't'[hi('(j luiu-tiou run hI' n'IlI'l·,'l'llll'(1 ill matrix
Ionu, aud 1111'prinrlpl« b ilUillol',om: lor all Iunu» of lillil p"rlill'PI'PlIr'p dhrrl'ti~.i·
tinn, '1 hI' solution I o t lu- pl'ohll'lll h; lillllltl lrv sol\'iul'. I hI' "~'"I 1'111 Ihat 11'''1111 fi.

(If thI' Ionn

.'\ulWII + .1IUlJI j '" + s.un; ('

(hI' till' 1l11it1H1Wll It, 'I'ho hOIlIH!tU',\' ('ollrliliolls woukl luwo 1){'{'11 illt[',Il11'llll'll In

11U'Oll('ratOl'H "li. JJi prior III this ill 01'(1('1' to salisl\' tl11' giwlI rom-trulut«,

III I hI' liimpit'l' aPIll'nlll'ht'.'" I h(' 1(1[1h.uul I,hit' 01' (Il.:!) b I'oust rUI'II'(l "() I hat U
is s('IHu'alJlt,. mul rh« systl'lll l'P(hH'I'S to lit(' Ionu ..II{ ,:::_'B, which run 1)(' fml\'l'd
oxplk-it lv for I { h,\' 1hI' im'l'l'l'ioil of. I. Fill' I hI' Illtll'l' gl'IH'l'a1 t'<I:'I', l[t'III'Il( h-ut lIIH)lI
t hI' ('Olllplt'xil,\' of di;.rl'l'l is!'ll S,\'l'tt'lll, (liill',ollalbat inn 01' itl'l'atiou 111'1'SUI'((',,}.f'1I1
ways of solvlnn lin' tIlt' uuknown valiu«,

Most Jiuitp·tlifl'l'l'l'IlI'1' aPP1'O!\('ht,;; 1\1'(' 11(,\,1'1' I'xplidll,\' flll'lllulalt,c1 ill a murrix

1'01'111hut Ill'l' l'i\llwl' :,ol\'('d 011 it IH'I'''Il()(\t' ha"b, II is l'idl'ly ('11'111('111arv to :-,110\\'
that unv lilldl nppruuch run Ill' l'('};ll'\I('lml'l! ill it uuurix opI'ralo!' lonu. III lltt'l

all tht, 1I11llIl'l'it'alllll'litml" nut lhu«] ill Ihb 1'11111>11'1' 1'l'~i1111ill Ihl' "olnlioll or u
SYHtt'lll hlt'ulknl to «quution (11.2)1, 'I'ho solutlou ul Hill'll h\'~,lr'lll:" b ill IIII'
1'1'1\1111(II' matrix alf',(lhl'i\, allli wlll uut bt, lill,t'll uuv !'mllll'!' ll!'l'(',

TIlt' t'Oll\'(ll'l\l'ul lu-huvlour 01 i\ll~' linit t" tlill'Pl'PIH'P aJlJlloadl b luud.uuout allv
liukpI! to t Ill' lli~t'l'(ll isntlou Ill'(l!'PSS it "I'lL Fillil P ,tiill't'I'PIll'P IlIPI horl,. run hI' ~'idtI
10 yil'hl (}1I1~' 'Iiuito-ordor a('('lt)'a('~" !()I'",~al', (l!l7Ial] iu t hut I itt' ('!'IOI" luvolv«l

'If C; " ,;~, 11ll'1I jfoi Jiuil!"lliil!'rt'IIII' illlilllll\IH' f; 1IIIIIhi IH' 1111' ur.uux (11,1 l-
ITh!' 1'1I1111110Uulilr Ill' all till' mnurrirul 1I11'Ilimb ioo (!t'.rw,;,(',llll 1.1'1111111 11.1,
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lin«, If tltl';;(, \'1\11\1';; at'I' 1'1'1111':,1'111«'11m. II \'('('1 Ill' if [lin 111 ••• liN " liN d.
1111'11till' IIe'rivali\'t' ::'; 011 Ihh< duiunlu b liillljlb' n'pl'l'HI'I1I\'ll 11.\'it matrix IIIH'\'alol'

1111U a:<: .:j.110 II 1> wlu-re n fill' il Hl't'otlll Ill'dl'l' HI'III'IlI(' iN till' tl'iolliill\Oual
matrlx tit' (11'111'1'N N. l\i\'l'lI IIH

1
~LS~~::

(J ,

( 11.1)

2 0
1 (J

1 ()

()

() -1
1 ()

1 () :?
2

If tlu- nudnl \'ahll':-l1't'lll'I'Hl'llt II vuriuthm ill a IWIHtillll'lltiilllllll domain, Ihpulf i,l
II mat rix, alit I (Ii 11'1'1'('111in I ion wit 111'('~1)1'('1 til t hI' two ill( !t'!H'llth'lll HI)i\('(' "Hriabll'~l
iN impll'lI}('ntl'll h~' it 11l'P· Ol' POl'lt-lllllltilllkalioll llllltl'iX, oporutur. Fol' il1~ti\ll('('
IIII' mb:l'lllirHt Ill'ri\'oIliVl' with 1'1':-<1)('1'110,1' illilln h; ,/:ii)/f VI' . {{, n.

11.2.1 Boundary condltlons

Ilouudury voudit iUWi of Illl~' ('llIllj)iPxHy t\1l Hot a\'ail t 1I('11I;;1·1\'('" to illl~' unifunu
tn'lIlllll'llt illth01\f\h 11ll'HI' l\I('tlillt\s ullnw it !\l't'i\1 tll'aillf IJt.xihiHty in t lu-ir huplv-
I III '111nt ion. Thl'fit' 1001IliljoliH 1l1't' milwlly I'IIIIH'lldt'd ill till' 1l\ll'l'!\I()l' Illllll'it'l';l at
till' hul1tltlal'ip;l, 01' il!'.nill, \'i!'! uul uodvs Oil Isit It, 1 II!' 1,01\\ t lou (\()llH,ill Hl'1' om pi()y('d
to 1'11;;111'('('l'l'lniu n-lnt jOlls lit I Ill' bouurlurv 1'11'1111'111 iln' mot.
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Dit'p(,t t\ll'11111plH'(' lllo(l('llillg has bron c'llI'l'ipcl (Jilt for rortnin "y,,(!'lllS Hl\('11 as
c'I\1'\'('(1 ('11111111('1Hnw [}'lo;;C'l' ,\;,' :-'10i1l (1!lHilj. A HVHIC'lllillk iuwHt.igatioll into
turbulence ill II shnpl« houndnrv liI~'('1'has 1)('1'11c'(JlICtnd!'cl h~' Spalurt S: Lruunnl
(101'!i), Simulnrlnns for isotl'opic' tHl'lllli!'llC'(' have ht'(I1l prndurt«] bv ErI!'ha<'ilC'l'

d III (l!)Hi). wlu-re tlu' high HC'C'ltl'HCY awl spatial l'!,Holntioll of dl(, approuch I:,
kloul if cornputor solution ti!W'H 111'(' not to Il(' ICHI pruhiblt ivo, TiH' ciC'tailc'cl work
hy Cauntn I'f III (10HH) PI'ovitt!'H a good ;;UUlIUal'.\' of liI(' C'IIITPut Hlillc' 1)1' HII'ni1'H
ill this nrou,

All nltvruutlv« uppronrh to till' HlllUC' llH'tlwcb a;; a"\'1' has h('(111followed bv
01'ti~ and his schuul [ill lIT alia Ortiz (l!Wn). Ortiz ,\.: ;-;iullam (l!lKl, lUKa). Liu
& Ortiz (lUH2. WHU, l!JHi)] Ior somo thue, This 1IIl11rOl\('h, whirl; is trnnod
1I1W1'Il1iolltl! hy Ol'til., result» ill klouticul Ionunlution« to thl' Tall method in itH
iuoro rouvoutlouul !-\l!hiC',hut nrutiv sich·.Hlpps tho MWH muthomntlrs {'OIlVC'll'
tiouullv 1I:,('cl ill cll'l'i\'iu!1 tln: lIlatl'i<'C's, IIi" tnethorl c'onld b" :-;Ill(oly tl'l'llu'cl a
pitiloKophy, ill that ils Ionuullsod Hy:4!'llwti!' apprn.u-h iPllels umlersrnudlna to
tho JillitC"clilli'lI'IH'(' and cnllorutlou 11l('lhocl~ a~ well, It is tlti~ method whirh
will b(I til(' KlIbjC'('( of 1\ tll't ail('(1 cil's!'l'ipl lou ill t'iwlll C'1'1~, 'I'hr clill'('l'C'ut·dnKnl'H
of muuoncal m-thod nro cli~c'lI~~C'(1 ill clC'tail ill til" SI'('tiollH that follow,

11.2 Tho finite-dlffcrenco approach

As stuttxl allow, tilp lillilC"cliil'Pl'('IlC'!' method ,;illllllatC'H It cWfl'l'c'lllial !'<[lIali,lll
hy l'('lll'CI;;l'lI!illf~ it at (lili('l'('IC' poluts ill I lUI solution H!liU'(', 1J('l'ivativl'li awl othC'l'
Iunrtlnnnl OlH'l'1ttOl'H within tho oquntiou nr« l'C'jll'C'Hl'lIt(lcl a~ l'('latiollal CllWl'atOl'H
1)(11.\\'(1('11thl' ciiKC'l'C't!' \'ai1wHj for lustuur«, tho dl'l'ivalivC' il};£. iH l'C'llln!'C'cl h~' HH
(IiH('l'!'tiHC'cl oporntor, (fJ!)l', tilt' 11th dorivativ« oJl -rntor or orciN'I) at nodo i.

TIlt' IUJl(ll'l"ll !'lasHc'li of Ill!'I hoc! HI'C'daHHiliC'cl lu'c'Ol'cliug to I hc' dlllic'(' of IIH' Iunr-
tiun (fl')!', 'I'hu« u H('!'Ollcl·ol'clC'l' lillit!'·c1i1l'I'l'C'llI'(' <IiH(·l'C't.iHatioll of (.Iw OJlPl'IltOl'
:If woukl ho (,fP))(~) ':: ~~b:(.fill"0 A I). Dorlvativo« ut thc' ].<I\llldill'j('H !trc' 1'("
111m'I'el hy Hl,('w('c1 or Ulll'·f'iti(lci ciifl'(II'(I11C'C'N,01' oxtrnpnlntlnn is nuul« to 'vlrutal'
lltHlpH outsldo tll(l bnundarv ill 1ll'(iN' to l)(1tt!'!, l'C'PI'C'~Pllt til!' houudurv variutinu.
Figlll'(' 11.1 ~hOWH it tYllit'n! OIH' tiiw!'w,ioll,t! liuitC"clill'Pl'C'IlC'P griel, with til!' ('011-

tluuou» Iuuetluu .f(.I') shown Hfi u sulid liuo, nnd IlU' )loch, pointH shown as solicl
l'il'dC'H.

Fiuitl'·(IiIl'C'l'PIl!'P H~'Hll'l1IHart' l)(ll'hi\ll~ the most iutuitivo of ull nnmorlcnl rueth-
OliH. 'I'he C'f!\oc'! of, for ill~ti\lH'(', clilrC'l'C'1I1ial ion i~Iurplemonu-l oxurtlv as wrntld
Ill' nlltidpatC',l t ho dC'livali\'(\ at u twillt iH ('niel1iHt!'ci Hilllply h~' looldlll\ at thC'
local "lopC', or clifi'C'l'C'lH'C'in hClight bCII\\'('C'1I two lorul uorlos. Tit" figlll'(1 show» I h(l
luiplomonnuiou Ill' thc' tiollhlC' l,itil'(1 tiill'l'l'C'll1'l' itt uorl« ,"j. !IS all ('Hthuat« of tho
liC'riV:tli\'(l tlioro. 'I'll!' (Ilrc'c'l nfdilloreutlnt iou Oil tlie nurlnl vilh\C,s run )lpl'haJl~ bC'
ho, -r l'!'lll'(',";l'lllp(i iu inatrlx Ionu, ('ollHiti!'1' n fll1C'.clilllC'lIriiollnl rlomuin likc Ihal
shown iu lil'.\1l'!' 11.1. with tilt' Iunrtiuu l\iwlI ilH values at N point» aloug this
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Stability of 110\\':->to linear rlisturbunce«, and 1111' solution of tit(' l'ig!'Il\'ahlfl proh-
loin l'l'Hultillg thorrfroui, have 1>('('11 tIl(' Huhjl'('t of tuuny SI)('('tl'al upprourhos.
Grosch S: Salwou (l!J(it-ij iuv('!;tigall'(\ t Ill' fit ability of' various C'ias;;!'s of Ilow
IlHing cxpansluu« ill ortbogonul C'hundrnsekhar-Rohl funrt ious [C'luuulrusokhur
(l!)(jl)], HO\\,('\,('r, their results did nut show ;;p('('tl'al a('t'\Il'a('~' (hit' 10 tlH'!;('
lum+ions' prt-ulinr (,l1t\ behaviour. Davov ,\. Drnzin (1!)(i!l) also invorrct-tlv lls!'(1
it Bt'ssl'l Iunt+iou tvp« expansion ill tho holiof thut orthououul Iuurt.lous !']OS(, to
11ll' structure of' tho eigonvalu« probleu: ltself'would viold optiunnu rosults. Their
results dk I not show ;;p('('1 rnl ('OIl\'I'l'gl'lH'P fill' similar roasons, ()rszag (l!l71a)
W1\;; tltl' !irs! to d('\'('loll it Clwhysh('v-Tilll mot hod for Ill!' Orl'-Sllllllll(,t'{'dd vqua-
tiou, awl his solution has slo()(1 ns tho rloliuitiv« bouclnnark for plnnv-Poisoulllc
How, II!' ontlluod roasnns whv t 1)(' pn-vious nut llOI'S' rosult« \\'('1'(' 1101lU'('1l1'atp,
IIp also gil\,(, t he' Ionnulntiou for pipe-Polseuill» rlow all hough it is possihl« Ihal
this is f1aw('d~,

Mort' 1'('('('llt work Oil til(' lopit- 1)1' stnbilitv illdll(\ps it suulv br Sdllllitl &- Ilou-
nlugson (l!l!I,l). who iu\'('sligatpll till' ('II('l'f',~' donsitv 1',1'0\\'111of (lbtl\rhaIH't'H
ill Ilaucn-Poisoulllo !low I1sillll, it rullorut lou approach. Thev nht uinod 'I'xt I'll'
t'igl'uvahws Ior (11(' nxisYllllllPlrit' ('{lSI' of pipo-Pniseulll« 1I0w, whit-It may Ill' ill·
trlbutabl« to tllt'ir nsilll~ Ihl' Iull uou-nxisvunnotric HYS(I'1ll to solvo (Itt' Silllllll'l'
uxisynunetrl« rolatlou, Abhot"" Moss (1!l!J.1) ohtainrtl nrt-urnt« stahility ('1\1'\'('1'

for pip!' inlet lIow I\sillg It modifiotl oporntionul Tnn-Cll!'hysht'\' method. 'l'hl'ir
rt'lmltH iW'('lld substantially with tho nccurute hll\cly of Clurg (lDHl), rovoalhu; it

systl'lllati(' error ill the lillit('·cliII't')'('1U'P Ionuulutlon of cia Silm (WHO), Iu pnrtk-
ulnr, stahility l'PSU!tH W(,I'I' ohtained for pl'olill's dosl' to t 11<'inlet .• aIHI till' most
downstream unstuhl« prolil« was (\('It'l'IUillt'(\ 101m\'(' a rril irul Rovuokls 11111111H'1'

of over GOO (JO(J. 'I'ho !l,1'1ll'l'atioll or 1'(IHIIII;; ill hoth tht'sp limits (thin bounrlurv
InYl'r ami hiAh HI') roquired tho oxtromolv hiAh I'llidl'll('Y of tho spertrul mothod
lor th('il' ll('I'Itl'1I('Y,

Spatial 'it ahilitv ill it similm' I)(JnlltlnrY·lil~·(ll' has \)(,(111 invost iAatt'c\ IIHiul-\Clwh,V-
HIll'\' mothorls h~' Bl'idg('s ,\. rlfol'l'is ( OH,ln, l!JHlh), VOIl K('l'('z(lk (lDH:.!) Ht.ndit't\
tho :-lIability of osdl1atol'~' flow llsing ,1 (~ht'h~·Hht'v.Til\l nu-t hotl aut! till' Fluquo:
IIH'ol'Y·

Till' (lil'(I('( shnulation or Ilulte-tunpll: IIdt' (lisl urhan. PH nnrl 01hor t rnusitiuu I>IH"
nmnoua lIsing HjlP('tl'illllH't \uHIHhill' ht'('ll woll iHhlr('sH('d [Ol'lizag .\- 1\('11;; (l!lHO)'
Plltpl'll ,\. ()I'HZill'. (WXl). Ors/ill-\.v Palt'!'iI Il!ls:n. JI('ri)(,1'1 (1!ls:lu. l!ls:!h. l!)Sl,
l!lsG). Malik .\- Ilussnin] (l!HHll. Kll'is('l' ,\. 2illlg (I!J!)I). SalHlhnlll ,\. hit·iHl'l'
(1O!l2)], III pnrtimlar titl' lust uuthor» \\'('1'1' uhlo tn SI\(,(,l'ssrllll~' Il)(H\t'1 hound-
al'~' lay(ll' truusition plu-nmuru« Iunn Ill(' linour sla!\t' lIIH! T"S wnvr«, ihrounh
uon-llnonr A vortex iutrmetion«, all tho wav to tltt' OIlS(l1 of nctuul turbulonro,

rurront 1'(,Sl'i\l'('h lhlS shown that thl' ('Ill'h\'~;hl,\'<:rilll i11'proarh i~ wry hl'lIsitiw to th!'
inrlusion of siUI\1I1ilritil's ill (hI' donuuu. TIlt' };I':.:I('{lllHliun ill'plkahlt, to pip!' stahi1it \' has II
f('rlllla\' ~hWlli\r point ut thl' lll'ir,iu, It is shown ill dmpll'\' 1i thut thl' Sp:.:l eqnutiuu must Ill'
Irilllsfllrlll{'(1 ill onlt'I' (0 n'lllO\'l' Ihis Silll\1l1llritv l",fllrt, ~pp{'lrnl WIl\'('II\!'IU'P run hI' I\narilll(('l'li.
It iI. 1101 rll'ilr Iroui his II!'rl\'iIIiOIl wlu-t lu-r (lrslHl\ rlul n'lIlll\'!' tIll' ,illl',nlal'it\' unnlvrirullv.
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l'lllllloys mnuy siniplo ('11'11I(,lIts to ropnvont 1111'solution, tho former uSPS [1'W
(Ol' 011<')[or tho entiro llis('rrt!' domain aud 1'1lSlIl'l'K all accurate rcprosontnt.iou
by dinumticullv i1H'I'('llsiug tIll' order of (1)(' iutcrpolating Iuuction within this
domain, BasI'S of nrt hogonul Ium+ious slIitahlt' Ior this approarh are trigono-
llll'tl'i<' (Fnurior) 01' dassl's of ort hogoual polynoiuinls surli as t 11('L(W'IH\rl' 01'

Chebyshev polynomials",

All altoruatlvo way o[ looking at Ih<' xportrnl mot hods is to ('ousilil'l' thorn as
(1<'1llillg with values lit diS('I'I'Il' points (1111'roolliciout«) much IiI\(' tho Iinito-
dilft'l'Pu('(' appronrh, lntt ill a truusfonn«I domaiu. Tho operators are, ill a
similnr way to Iinite-dillerour« oporntnr« 011 fhp physk-nl domaiu, of a simplo and
lornl Ionn ill t ho trans[ol'lll('(1 -lomniu. TIll' (,(H'llil'ipuls 1.'pn'sl'lIt a continuous
Iuuetion ill t h« real dornnin, awl til< link 1)('IW('l'u dOlllaills is usually via It

FOlll'i('l' 01' rolated Irausfonn, Iu 11H'1a dass of sIH'!'!mlllll'l hods, IhI' rollocat ion
methods, is huplemouted at s))('l'iall,v plnrod uod« point» ill tIll' phYi'liml domuln
- 1111\('11liko a lillit ('-dilf('l'I'IH'(' mot hud - hu! t hI' rlillorout inl opor.u O!':-;a!'!' urtunlly
t hI' Sp(ll'il'al OI1PSt l't\lISfOl'llH'(1 1mrk to t11<'physical domaln,

11.1 Historical development

Early work Oil the solution of c1i!l'('l'l'utial oquutions usiug It S)('('ll'al approach
was iuitlnllv hy Slutrr (lU:J.J), Kautorovle (1!l3,1), unrl I ItI'll hr Frazl'1' c! nl(l!l:i7),
Thos« au t11Ot'S all IlSI'(IIL rollornt lou npproarh, wi Ih IIll' lat I1'1'ell'visillll, a gC'IlI'ral
srhemo for tho solutlou of ordinary diH'I'j'putia! vquat lous. LillH'ZOS (WaH) was
I II(' first 10 fonunllso Ihe rollorut ion Illl'! hod, hr ('sl ahlishing' It rl'p,11lm' Inuuo-
work hy which to ('Ol'rl'(,!1~' asc l'1'!alu dlOkl' of trial Iu11('I iOlls and cnllorntlou
points. TIll' method hns IH'('OIIll' popular hC'c'ans(' of i!s ('as(' of applk-atiou to
varinhle-rooilirlon! aIHI uon-liuour problems. It is also known us IhI' IIM'/uio-
'~ll('l'imllll(ltll()ll aft('1' ()I'SZIlI~tUJ72l. Onlpl'ldll Iounulntlons fill' th« solution of
partial dHf('l'l'utilll equations \\'('1'(' luitinllv attl'llIpt('d hy SillH'!'III1I11 (l!lii.1), hilt.
()I's;l,a~~ (W7D) was t h(' Ii!'sl 10 produc« a )H'il('1ical mot hod of lll'plh'atioll of sueh
mot hods, hy tll'l'ivillr; 111('1'hodH {'Ol' till' ronvolut ion sum« t hilt al'is!' ill t hI' <tp-
plieuriou of I his approacl; 10 lIOIl llnonr tonus, OI'Sl.ilP; (W71 h, 1071c, Wild)
(1('1II011st rated IhI' H)lplimtioll of tltl'~1' methods wi t hill shnpl« Ilow h01l1HInrios,
'1'11('s(' 1'l'f('l'l'II('I'H contuln dl'tllil('(l discussioll Oil tIll' nrcurncy uud muthomnticnl
Pl'OPt'l'! it's of tho (,nlt'l'kiu ap)ll'o1l('h. Lilll('ZOS (l()a~) WIIS I It!' lirst to Innnuluto
flit' Tall method. Fox [;;('(' Fox (l!Hi2l, Fox ,.....Pnrkor (l!l(jH)j hrnught It svstr-m-
at jco t l'1'1I.t1ll1'1l1to thl' pl'illC'ipll' of 1ho ilpplkntioll of Ill!' Tau l'Ol'{IjI'il'lltS. Ol'szng
(l!l71a) 111'('(1this method to 1~l't'i\1 l'11'('('1 ill solvhn; thl' Orr-Souuuorfokl !'qIH1-

tion for pluno-I'orsoulllo lluw, attainillg tlll' Iirst nuthoritntivo mlninuun rritirul
Hl'\'IlCllds 11111111)('1'of ii 772.22,

• '1'1\1' luttvr IWo art' '11t'f'Uit' f'xalllll)t-s (If ~t'ls (If polvnomluls I\l'uNilll'fl as IhI' l'il\l'nfIIUl'liulI!l
of ~in!\lIli1l' Sturm-Linuvilk' p\'ohll'llls ['PI' Cuuutu rt III (l!lSK)l " uuv s!'t of l'igl'uCllIu li"tlS Irum
surh II prol.lom would :;pn'{' I\S IIIl IIfTl'ptahh' 1J1'I!tfl!\tIuallm:,is for IL"11('1'11'II11I1Ipr(l(\I'II,



Chapter 11

Numer ical methods

'I'ho solution of rlill'(,l'l'lltial equat ions i~ 1l('('('ssal'Y ill order to shuulut« ovruts
of lut P1'('sl ocrurring ill t ho Oil t sit 1(' world, All 111('1hods of solu t ion of IIH' gov-
ornlng ('(llllttious ill Huh I dvuumir« huv« ill ronuuou Ihat thov trv to 1'('I>I'('s(,111
(contiumun) vnrlat iOIlH ill IIl'Olll'1'1 iI'S in a Iiuit 1', disrn-t isrt! douiaiu 1\('('11rat ('l~'
enough 10 eusur« thai Ih(' Iiult« ropresontutlou l'lllttiatps ouuugh 1i>tltlll'('S or t hI'
real domnln I()b(' I1Spf1l1. Tho H(,IlSP of tho won 1 1l"''fIlIIlJa~' 1mVI' various h'wls
of conuotutiou, Irmu the schoiuo mon-lv dppit' I ing th« ('OIlI'Sl' li'ittlll'('K of Ihl' How
under ill\'psti!!,at ion, to urt-ururoly represent ing muny lovols of tho real [low's
lnnat« behaviour.

'I'h« current slw\y is courorned with IU'('lIra1!' snlutinns to tho oquutlous Irom
c\wPI('l' 10, To this end, this dlltpl('l' will dbl'llsS the morlts of various numori-
cnl uppronche«, 1111(1thon outllno all applicuhl« mothorl which is hot.h ('xlrl'lllPly
shuplo to huplomout uud highlv IIC('Ill'atp fol' tlH'it' solution. All numericnl np-
preaches uttouipt to 1'Pl)1'1';;1'1I1 It coutluumn Ilukl varlation ill it <li:-;('1'l'li:;('<l <10-
mnl 11, It is the' ('hoi<'(' oldomnin that (lit'\liu~lIisIH'H tho vnrious daSSI'H of'solut.inn,
'I'ho mothods run 1)(' divic\l'(i Into ImHl(1 ('atl'gori('s, TIll' Iirst SI'I of' Il'dUliqlH's
ran Ill' dnsl'It't\nlHh'l' till' IWI\(lillg j,'mlt'.dijl't'1'I'II{,c, As thpi!' nam« lmplles, tll('::
l'('pl'l's('nt tlt(, iunrtlounl values nt (li~('rl'tp points ilia rlmunln, awl t lio (lill'pl'('I1-
tinl OPl'l'HIOl'S by tii.ll'('l't'IIr'I' jlll'llluitl('lol'ally hotwron l!tp uot\C's ill this domalu.
'1'11(' M'('OIl() gl'lll'ral gronp ('HII 1)(' das~ili(l(i us tho Md/wt/ Ilf IVI'i,qh/nl RI'811:U.-

uls or l\lWH, Wil hiu t he !\[WH arl' two 1'111'1hor ('at(lg(Jl'ips: t hI' Fill t/('.t'/t'TlH'lIi
niothorls mnl the' 1'1)lIl'i('1'01' Sl'rC'/ml mot hods 'I'h« lin.;t of thl'sP upproucho»
(Iivid!'H til(' solution SllIU'1' iut 0 db{'l'ptp xuh-domains 01' t'1<'IIlt'Ul:-;, aud ill pal'll
1'1('III<'l11 ]'('I))'(':';l'lIls t Ill' rout iuuous fUIH't ion h~' low 01'11('1' 011 IwgllHallilH'otl' Iunr
IiOlls (Ior illstaIH'(' polynomial or trigollOIllt'11 it') wil h unknowu I'IIPlfic'iPlll s, 'I'lio
valno» ol' I hl'sl' ('opHir-kilts lor I'Hl'h 1'1<'1111'111 is mirtllalt'd hv ;1~,sI'I'IiIlJ', that SOIll!'

1'I'sicll'ai or error roudlt luu with I'Psjl1'1'I 10 it suituhl« w(lighl is tuinhnlxrul I'Ol'
('Hi'll (lIPIlH'IlI, TIt(' ('Olll inuitv 11{'1\\'{,Pll l'll'llll'lils is I'IlI'Ul't'('(\ hy eusurluu that
l)t(' solution« runlonu ou tit!' hOlllldal'it's ll('t\\'1'1'1l Ilu' 1'\!'IIlt'llts. Till' l-uurior
or s]w('lral Hpprot\cll is similar ill spirit to til<' l\I\\'H, 11Il1 wlt('j'('a" til(' lauor
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10.5 Summary

TIl{' oquntions upplicublo for pipt- flow ulltiPI'p,oillg f!,1'1H'ral 1I('!'l'lpratioll:; WI'1'P
<11'11\'1'(1 from t IH' axisvmuu-tric ;\a\'il'l'-St okl's r-quat ion", III particular a 111'\\'
parumot PI' S2 1'111('1'f1.1'<Ifrom Ill<' rlorivn t ion w hich dl's('l'ilH'( I till' nrrolorut inn. Ar-
('1'!1'l'Htiug pipp rutrauro Ilows \\'('1'1' Ihils shown 10 1)(,dl'sl'l'ilH'd h~' two par.un-
I'tl'1'S: Ill!' HI',\'llOlds 11111111)('1', and till' '\('{'l'h'l'al ion pura III I' 11'1', l'his parnuu-tor
was klont k-al to ShplI's (1!Hil) rriu-riou for instubilitv. unrl 10 IIH' punuuotor
(\ <l1'!ormiuod h~' :\lo:<s (1 !l!ll) Ior lamina!' Ilow t11'\'P10PIll(,1l1 1)('1\\'('1'11 parullol
plutr«.

Variou« )1'\'1']:.: of upproximation \\'1'1'1' nuulv 10 Ill{' (it'l'i\'P{1 equutions, C'onskl-
orutiou of til!' hlnh HI',\'llOltls 1111111)('1'limit rosultorl ill the oliminatlou of IllI'
Rovuokls 11\11111)('1', uuulogous to tIll' uuuuu-r ill which <la .Iilva (l!J!l!l) (lisl'l'gal'lh'd
I he UI' Iorm ill his von iritv-t rnnspor: fonuulat ion of 1111':il ('ad)' rolat iOIlS, Tilt,
liSP of It PI'PSslll'{'-inl ('I\l'lIl Ionuuln t ion a lltl\\,1' {I I II(' )I1'I'SS1ll'1' t orin tu he olhuluat I'd
formally in this ltiJdl Rc liml t.

A linear sl ahilily derivation fIll' IhI' gl'll('rnll~' a('('l'h'l'atiul!, axisvnunot ri« s)'"I('1II
was rondueted, ~'il'hlillf1. it st uhilitv {'(11tH t ion that rout uiiuxl tiL(' ~tI'ady Sl'xl
rolatiou !IS n z('lO-ii{'('I'I('l' ..tiou limit, It was shown to h(' a:. upplirulilv to Ihe
lW('l'll'ml lug pipo ontrnure Ilow ItS is III(' sll'ad,v SI':.:I 1'('lal ion to th(' st I'ad~' pip!'
cntrnuc«.

This cuds t lu- formal derivatiou of t hI' upplirnhl« llow oquutinns, Th« foil "
dHljlt('l'S an' (11'\'011'11 to lilt' dcvolopmout awl vcrilicution of It uumoricnl u
of solution. The solution of I h« has!' Ilow awl slahility 1'(I'tat.iOllS 1\1'1' thus 1<'(1
unt il dmp! (,I'S Hi unrl 1i. whore ~(}Ill(' or t ho {'OlU'('pts lut 1'()(llI('('d 1t1'1'1'wlll Iiunllv
h('('Olllt' clear.



CIL1PTER W. TIlE G()\'EliNIN(T EQU"lTWNS 210

(Hl.:W) nnrl (10.27) ill~t('ad of 111(111~l1a! Nnvirr-Stukos rclntious (10.8),
(10.U), (1(),10), As was shown in chapter lO, t11(' 1'1'1l01'1lIaliH('d rolutions
wore derived with 110 rostrictlv« ussumptious as to the lIal111'(, of tlu- pip«
Ilow fill t lwl' thnu inromprosslliilitv, axisvunno! rv aIH! ('(JlIst a ut fluid prop-
I'rli('s. Thus IIH'Y art' applicabl« for all axisvuuuetrk- stuhilitv dr-rivatlou,

(ii) Tho derived !'lahility oqnnt ion is fonunllv applicalil« oulv to parallol llows
that satisfY tho n-quirenu-nt (lO,:l!l), that is flows Ihat vnrv as /1(,.,1)
R(r)1'(fl. It is t1l11~ tlH' 1'lst'OIlS eqnivulvnt of SIH'II's (Hllil) rolnt.ion. How ..
l'W1'. it is npproximat ply valid 0\'('1' a far hromlor rall!;p of Iiow«, H~ will \)('
oxpluiuod ill t h(' point below,

(iii) '1'11(' st ubllltv pqllat ion can 1)(' uppliod aPPl'oxilllatply 10 11lC' 1I01l-parnllcl
1l0WHorcurriiu; ill tIl<' P11I1'1Il1('(, l't'l-\iOll of an aU'PiN'aling pip!' IIm\,. ill as
111\1('11 as till' st('a<iy unnlvsls cnn 1)(' npplied upproxhuatclv 10 I ill' voloritv
Pl'OJiIps wit hill t ho non-pamllcl l'p~\ioll of slpacly pipo flow, 'l'hls euu \l('
urgnod hy coushloring tho behaviour of thl' ('XI10lIPl1tially lu'c'ph'l'ating How
from tlu- PPl'sjll'(,ti\'(' of IhI' rouonnullsed Irnmework. An oxpououtial pijll'
cntrunro How will, aftt'r sulliriont limp. 1'1';\('11a poillt of :-tl'acl.\' xl al pH
hohaviour 171 ili« 1'r'1I01'1IH11i,ml 8.'1,11('111, Tltis :-;t('acl~' :..rntl' Ilow Ilokl will he
shown ill It lutor chapter to po, ~<'s~ Ilu- sa Ill(' order of unn-pumllolism as
il:- stoudv counterpart. SiuC'1' tho st ability cll'ri\'atiol1 was porforun-d ill I Itl'
reuonuullsed lnunowork, IhI' ('I11'r<'l1t.st a hility ('<tlmt ion is as valid as t 11('
Sox! equatiou iH valid fot' stl'acl~' C'Hlrall('(' Ilows.

(iv) As It !\(\IlN'ulisatiol1 of thl' above point. the' C'11l'l'Pl1t nnalysi« is valid to tho
sam« oxtcn! I\S til(' purullol one is, if till' l'l'H!H'('\iw buso Ilows to which
!hov Itp[lb' show IhI' sumo amount of (\I'viat lou Irom til(' sl'l prvrmulil lens,
us loug as Ihal d('viatioll of IhI' llI'I'l'll'rating ('liS!' is C'oulpllrpc\ Irom within
111(' t'l'llol'lllalisC'd fnunownrk,

'1'11(\1'1'is much Pl'C'('PlIC'lll. 1(11'applicatiou of Ihl' SII'IHI.v llneur analysis within tho
st('ady pipe' inlet: [ill' illSIHlH'C', Ilunug ,v SIH'll (lU',ln. h). !'lIn"" <\... (\11 Silva (l!J!J:n,
cia Silva .'I: !\Ioss (l!HJ.1). Abbot ,I: Muss (l!l!J,l). III pal'lknlal' til(' lust papPI'
Ionunllv showed that uon-pnrnllol l'1I'I'(,tS woro insinuilirunt. Thus IhI' unst cndv
Itllillysi;; is as uppliruhl« to lil(lll1lHll'ltcly pipl' 1'1lt·l'IUIl'P as tho s(C'ltcly (HII' is to tltc'
stpncl.v ontrunc«, hp('illl"" t his lI11st('Il!I~' hasl' llow is ill I'palily ('Ollljllptl'l~' stl'ud.v
a llC 1 sulll . iurnllvl hom t Iw Pl'l'SIH'('t ivo of I Ill' l'I'llOl'lllHlisc'c! variahlcs.

'I'ho above Is ill'('OIIlP moro evldout if ow's prerlisposit lou 10 rolnt« P"l'llt~

10 till' ph~'sic al s~'S\l'lll hoiuvokl«], TIll' bost \\'ay 10 [lpn'pi\'(' till' ac'c'('It'l'atillg
Hysl(\lll- both il.lSl' How .wd slahilil.\'. is to rnnsirler it as l'l'all~' urr.urrhu; within
.IH' n-uonualisorl fuunework, uud that .tll Ihl' lI11sll'a<iiu('ss is sliuply associat('d
with IIH\ vnriuhlo )ll'O.il't'tioll lirtwoon it mul Ihl' phvsirul S)'SIC'lll,

"This will ho showu properlv \l'1H'1l tlu- uunu-ncul haSt' now rI't,nlts MI' Ill'I''''U!t'<l luu-r. For
1I0W this must rcmnin nn nsstunptlon, ulthnugh au obviou» ono, ht't'iIUHt' till' urrolerat iv« lmti!1
Ilow llOSSI'SSl'S ("!lIH ;1Il! lmtnulurv (,Ilndiliunx und ('OIlS I '1II1 fml'illll ! I'ml' fur 1')\ III>111'11t lal 110\\'.
illl"I,\'illl~ II runxt nut limit illl\ 11l'1IHYiulIffor larr,1' t illll'h,
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TIl<' spatial wnvenuruhor It nppPi\l'1i ill oqua: ion (1 O.Ii:!) closelv relat ('II to tIll'
Roynokls nuuibor 11'1'1I};;.To simplify IItp oquutiou ovou 1'111'1111'1',this wavouumbor
run 1)(' If()l'T1I(11i.~('(1 IIsill!1, tho Revuold« 1111111(1PI' as

It
II:::: Hr" (lO.ii·l)

The IlPW rloliultlou of I ho wnvomunbor is a [11 ,1' Ill' und t hu« has timo
liP}lI'IHit'll(·P. This l!O\\'P\,Pl' dol'S not )p"d 10 anv .\ k' uNality in thl' Htahilily
systom, I)(>('nllsp all (lilfpl'Putialioll "'as ('l1l'l'ip(1 , onlv tho coustunt 1\

111'pSp,lt. Equation (10.5·1) is Silllpl~' a cnnvouiout rodolinltiou.

Usinf.!, (lO.IH), tho oqnatiou (lO,Ii:n call rondilv 1)(' Iralls['ol'lllpll to It lonu that
is au cxtousiou to Sf':d's slahilit~· oqnution, hilt app1il'nhll' 10 HI'('plt'l'Illilllr, flows:

-i [( ,,)2 ]. [ 'J]nR(' I.-n" +nL fi,c::(li-'(') r,~·(\~ 1/1 (lO,!i1i )

For Ilows with constant moan Ilow rail', II\(' arrvleration punuuotor Sl is 1.1'1'0,

11ms ('<lllatioll (lO,liii) is identical to lilt' S('xl oqnntion ill tItis limit.

TIll' boundnrv ('OIlIIiLioIlH uppllcnhle to Iho sl('1ul:.- S('xl oquutiou nrc' also valid
11('1'(', '1'hpsp nro lHPP Drazin &. HI i(\ (l!)Hl))

!r/l(0) ..~.~ 0,
l'

1 )-':'1'(0 -- 0,
/'

rb( 1) .. '"'"" 0, (1O,IiO)

t/l"( 1) - n.

'l'ho ('OlHIit.i!llIS 1\\11H' JlipC' wall (/' C:1 1) nrp HIl'ai!1,illi'ol'wnrd, A:-: with I lip stendv
systom, tho ('('I1II'I'II1\(' ('OllHIl'ninlH assort tIll' ll11iljllPlll'SS of' tIl<' solution at this
siugulnr point,

10.4.4 Applicability and limitations

Tho above dpl'ival ion is Howl awl h'ndH 10 ~nlllP illlPl'l'sling insi,\hls. A nuuiher
of iSi'HH'S lH'I'r1 to Ill' addrc':-;spd 10 dnd(\' Ih(' validity and I'HIII\(' of applicahility
or Ill!' dPl'iw(1 equatiou:

Ii) '1'111'dl'l'h'atioll is iti('lltil'"l ill lUl't hod to IIll.\' dassiml app1'01I('h to llnour
~tnhililV, It dif['Pl's ill its IlSC'or t h« ronormnllzr«! basie C'!jllnIiOIlS (lO,:.lIi) ,
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hi uuul«, a rolntion ('![l'ivaiP]lt to cqu.u lou (1:!.1) ill I' is obtaila'(1 ,\('I'OI'<lilll\ to

(.',(r) "" it' 1'. (12.7)

WJWI'I' d h; till' ('ll(·l!il'iI·llI '('Wl' ill Ihl' l'lIll01lir'al hm'b. Fquaikm (12,i) is 1("'111('(\
(II!' ('<11hmkal polvnmuial represou: ntion of t lu- Iunct lou til( 1').

'1'11('1'(1is lIO\\' ('(lllat ion (12':i) l'I'jll'l'!'Plll illg it t rausfonuut ion Iroru I hl' (ll'llul!'.onal
t () till' runoniral hasis. awl I'qllalioll (1 :!,Ii) !It'll!)t iug IIH' n-lat iflll lu-t \\'1'1'1\ till'
('()('JIid('llt S ill hot h lmsos. Thus t hI' l'!')ll'C'!'-I'IlI;Jlou of (,I( 1'1 ('au j){. l'(llli\,ilh'ut 1~'
assol'ia(p(1 with hnt h l'C[natiollS (12.1) and (l:!.il.

TIll' 1I1ati"{'PS nnrl \'I'('(01'S ill t lIP uhov« anulvsi« arl' intiuito, hl'CallSI' t Ill' "l'l'i('~ I'X"
pnusiou (·(!.tntioll (1:!.1) b inliuito. Obvinu-dv !'iUdl lllatri('p,c; I'illlllot lu- fl'l'iltl'd

111unorlc ally. awl uieuns of {ll';ililll\ wit It a 1l'l11H'i\tp(1 ~~'l,t(,lIl wili hI' !lbl'\I~sl'd
later. BnsiC'illly. truurariou at it ('('l'talll ordor yi!'hl all approximate hl'ril'~'with
t11(' Hilllll' ordor, Tho illfiuitPlll'NS of t}\(, 1l1)l'l'iltOl'S is not iI problem whou 1)1'1'
fOl'lIllug uunlvt it' III)l1\'atlllll:-i. IiII' lust auro ill' IH'\'lill'llll'<1 a how ill P("Ull iOll:; (l:l,ll
10 (12.;), lU'IH'P dotuiled lli~('lI~,;iOIl or truncation will he l'PSI'I'\'('c1 lur lutor.

12.2 Operators

12.2.1 Dlilerontintlnn &; polynomial pre-multipllcation

lill' pH'p(,t of simplv III)('l'aliOllS Oil IhI' Sl'l'i<'!" !'l'IH'I'S(,lIt at lou (If r:l( 1') will 1I0\\' b('
examiu«]. ('unshl!'1' a 1\1'1H't'allill('ill' ojll'ratol' r> 01110 I.' or !lieo lonu

111.11 \ ;1,. ( 1 :,:':'1)

For auv giwll III. II ill Z. till' [11111'110111\1 ['I hi it IIl('lIlla'\' (If till' !\l'w'I'al ~;l't of
dill'I'\,(llIt iul npl'l'i\! Ol'S (l \\it It pnlvunmlnl ('OdJil'it'IlI~. t-."'illilI'I'K of (l cnn hI'
1'I'Pl'l':4('lllt'(1 ill tllP runonirul I)i\l'ih, 1\:;

(IV)l

1/
r ~

l ,)
;j ",

/1 ( 1 :.!.l m
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whore

('
T

[1'111'1 l\l "'J (12,2)

is t ho suitahl« linenrlv iuc\Ppt'u<i('ut polvuomlal ha~is ort hOI'.Ollal Oil 111('l'allt';t'
[O.l] with 1'('sl)('('1 to a snltnbl« \\,t'iglitilll\ fllllrtioh~: awl

(12.:n

is th(l vortor of uuknowu expauslou ('ot'lIit'il'lllrl• 'I'lio ('(}'lrillir III hasi;; is (!t·!ilH·<1
mi tIt!' vrrtor

/' [1 r I'~ ,··rr (12.,1)

Bocauso tho t'it'luPllll, of' (1:l.2) ill'l' pulvuomial, t Ill' IH\~is (' run Ill' (Idilu'd ill
(!'rllls of til!' cuuonieul basi" (12..1) hy a lower tl'iilllf\lllill' mutrix opl'l'atol' I' such
thaI

( 1:.1.!i)

'1'11('Plt'lIlt'lltH ill til!' tIll tow of I' nro simply I Ill' ('o!'IIiI'iPllts of thl' polvnmuinl
rt'Pl'I'HI'Il!atioll of 1'1 1 • th!' hm;hi Iunrtlou of' 01'<1('1' i c~ 1 • (;11,(\\1 ill ol'dpl' Iroiu
lowos! tn hight'Ht. j)(l\VPI': thut Lol, if I'i! lin + r' II' + 1121'2 l- ... j !Ii p,i I
is t.llt' polvnomlul l't'jll't'l't'lltatioll of /', 1. I}U'II 11u' i'th row ol' \' i:; Hilllp!,\'
[au III (/2'" IIi 1 () 0,· .J. If Ill(' j'i\sis (' iK Iill('arl~' iwh'lWll(h'llt, thou F is
luvortlhl: .. 1111[1F then dt'lhll's u uuiqu« UlnPlliug ht'tWt,t'!I liI(, raunnicul nud or-
11wgolllllllilKiH. l)t'P!'IHlt'lI( on llit' basis Iunrtlou» \l1i!'!I, Ih!' I't'\t'vaul form (If"
euu \)(' (·OIlHtl'I1!·t(l!I, hn! 1'01' HOW, " ii'< It'fI IIlltijl!'t'jjj!,!1.

'I'hu» it iH IHlHHihlf' (0 rofonuulnt« ',"(1') ill tlip ruuouienl }In;i!H I' us '."(1') (/; \ 'Jr.
If til!' I"llb:-;tifutioll

( 12,!j)

hi in f;u'l 1111111'1'11fill' tIlt' Im'h (nlll' 1l1'1!iIlI\Oui\1011 till' rillIll": it hi hullil'il'llt that tIll'
IWill. Iuuetions hI' lilll'a!'I~' ilult'ill'luit'llt.. 'l'lu- OPI'filliolial iI(l(lI'nHrh will • for ,IU\ !'I'.wollilhlt,
lllll,\'lllllllilli hil~i~ • l'UNlIt't' unilunn ('UIlI'I'r,'.I'II('I' to tin' ""ill't 1'I',;lIIt, nut ill tIll' uuuul !tWit"
hCIIHl\'('S HI'IISt', hill filthl'l' in II (loilll·wihl' 11Ii11l1ll'f, TIll' 0(ll'fa(tllllil!IUI't!ilH! h tlllll' l'olll(,ll'tl'ly
itU!t'!ll'llIh'1I1 llf tho ['IHI~(rililltfl of (hI' M\\,H: huwr-ver, fill' thl' ('hl'hv,.IIl'\' I'UI,I'IIPlIliilhi, tIll'
1l11l'HI(iulllll 'll'prlladl I'fmhH'I's uu 1'(IUlvillt'Ut 111;111'1" Ionnnlutlun til tlu- 1I1I1l'1'usual !\l\\'H
upnuurh.
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1l~1':-;a uuurix-opcraror 01' !lpn'lllwlIlll uppronch to lilt' Tall mothnd, which is
iut.ulrlv« ami shupl« to iurplomout , Thi» uu+hod h~' it" simplicity allow» a rcnrlv
uudorstundiug of litl' Tall method. hv uvoidini; Ihl' :\IWH 1~'IH' (If oxpluuut ion
all'()I',l'lh('l', Ilowevor, I h!' ba~il' Ionu of IIH' npr-ruriouul <tpPI'Ondl us hnplomoutorl
b~' Ortiz has lhuitunous. Flrstlv, il has oulv IH'l'll 1l~1'11 10 i\lhln'~~Tall ~,\'sII'IIlS.
('\'1'11 Ihounh ils rail!',!' of appli('at lou is Iur hrondor, aiul SI'I'OllIUV. il i" SI'\'I'l'I'\Y
lhnitod iu tonus of thl' ol'!h'l' II' which solutions cnn II{' ohtaiw'd. and bv ill"
ji'l'(,lll'(' j;; thus n'"tri{,tl'd to xhuplcr prohloru» whore n('('ll1'i\(,~' r.m h" Ilhtailll'd
at low order, 'l'Iu-«: limitat ions al'l' fort unutolv not iuuntv, awl this dlilPI{'1'

('l<tl'lIIb Ill<' oporariouul philll"oph~,1 ill two \\'i1~'S, Fil'~ll~',ill tlu- l'OIlIl'Xf of IIII'
'luu 1ll1'1 11m1. I lip 111'111'1't\1'1lt'lIdl'lIt limit at ion is 1'1'1110\'1'11. allowin« appliru: inn
to dillirult prohlou», SI'I'OlHII~'. I Ii(l 1'01Iomf ion appl'lHll h is illlpll'lIll'lIh'll ill all
opornt ional ;;1'11;;1'.awl ils do~1' relutiuuship with (hI' Tall awl ot hor mvthuds b
shown,

This dUlI'tN' runtuins oulv a ,ll';'I'riptiullllf Ih(' hil~.ir' pl'iudpit'" of till' un-t hotl,
aloug with it:, variou» l'OIlII)(IIII'IlI;;, It 11I'PHI'lll}l a ;;('1 (If 'tonls', Ihl' 11:->1'or which
an' tll'lllOll~tl'aIl'11 ill ;;1111"1'<[111'111rliapll'l'''', III rhuptor 1:J which follows. t hrrv
jlrol,ll'llls uro :ioh'l'll llSill~\ 1111' ojll'l'itl iouul Tall aPllI'O<lI'h: a llill'l'l'l'lll inl l'il\(,lIo
value prnliloiu, (Ill' Orr-Suunnerlold oqmu ion: a :->illlph' iuit ial-valuc :-roblem. (III'
Iompornl rlovolopuu-nt of pipl' HoI\' far Irmu t ho luk-t: uud II uou-lluonr oulluarv
dlllorentlnl «qnntiou, tlu- Blasius (''Illalion, '1'111'('ollol'alioll (\is('l'l'lbalioll is ll;oi(·ti
ill rhnptor 1,1 10 lli;;('l'!'tisl' till' axial ro-ordinate 11l1'Ihl' !;I'll('ral pipI' I'lItmlu'"
1111)(\1'1,

1.2.1 Notational description

For till' sal\!' of ;;implicity, Ihi~ w';wl'iptillll ('('1111'1';;urouud t hi' til'l onnluutiou of all
unknown [1I1l('liiHI ,.'j c:'; ':'(1') en tlu- intorval [0.11. Tit!' roason Ill!' Ihhi luu-rval,
ralhl'l' tlw:1 tit(' 1I;"lal /' C [~l.lJ applkahlt' 10 IIII' ('111,11,\'1'111'\' Ill' L!'W'llth'l'
polyuouitnl«, is thai tho [m'UII'1' is IIII' l'aUII!' or till' radlnl ro-onllnnte ill pipl'
llows (nonuullsod wit II IW;lH'I't 10 1'i\(IiH~), ()lll~'a silllpi(' aiw,hl'ak Illappillg is
11I'1'111'1l to pw.iI'('1 tilt' lntu-r lutorval 01110 1111' Ionurr, III fal'! illI' ('hl'b~':.hl'\'
pulvuomiul» (If till' I-(,I'olld kind, T [Fox ". Parkl'l' (I!HiXIJ all' Silllpb' 1111' nunnul
('lll'hy:-hl'\' 1'1'1.11ious pmjt'l't I'd Oil! 0 lilt' suurllcr raIl1','" Thus t lu-r« 1111'l'Hdy Ill'l'
uunlvt ii' rolat ions tll'lhll·t\ lill' 1111''''' fHII!'1 ious, mukiiu; t hI' tll'l'i\,ill ion t'HHjl'l', 'I'ho
tlPPl'udl'lI1 variahlo "J( I') ill IhI' !'llIupa!'! int orval In, I] b I'l'pllll'l'd h,\' all iuliuin-
~I'l'il's oxpausiou ill a lilll'iU'b' itllit'IH'lllh'lIt polvuourlul hasis, ;\s was ('l\plailll'd
ill lil'('fioll 11.:!,.l, w, 101111aK thl' Iunetinn is siunot h, awl till' hash, Iuuctious
al'l' ('tIl'l'I'I'1 lv dlO"I'U, IIII'll I lit' I'PI'it·s I'x:li'lI~ioll will 1'011"1'1'1',1'uuilonulv to IIII'
Iuuctlou, III vector uotutlou, !'iH('h a lipl'il'~ oxpuusiuu run Ill' n'II1'I':;(,IIII'<I as

(!:!.l)
,. ,."

ITht' n-nn philo!,(Jllh\' h IN',I !I{,I,III't' t lu- aplllllilr!l I' rar hru.uh-r than it '1111':)(,,,1', .uul
!'I'IH'I'St'ut:.it whoh' WiI\, or t hillkin!\,



Chapter 12

The operational philosophy

'l'his dlilpl 1'1'<1hWllHSI'HIll1' dPl'i\'H! Ion of I Ill' olll'ral iuuul Tall 1111'111IIc\.ilhu.t rut iUI',
il s ac}l'aul agl'K OWl' t Ill' st nndunl Tan ap)lml\('h, Iiuprovouu-nt« tot hI' O!>l'l'il'

t iounl mot hod of 01'1 il. [Ortiz .\' Sill1li1l'il (lUX!, l!lx:J II at!' SIW\\'1l which 1'1'111O\'1'
it s IH'lll'l'·ilasl'li I'I'"t rkt ion, 1'('Slllt illg ill It nmuericul appl'oa('h whit-It is ilS pow-
orlul as IhI' stuudunl Tall 1lIl'IIJOdoiogy, bill whicl: is stt'aightl(ll'\vilnl to IISI', It
also shows how till' rollorntion npprourh ('all III' In'alt'll ill a uuilunu lIlillllll'l'

IIHillg thl' uperaticnul Jlhil()~lIplty, 1\11t1 {',i\'PH 11ll' iutorn-lntlonshi]: tH'tWI'1'1l th«
two llwt hods

TIH' ha:,k prillC'ipl(' of t hI' IIJlPIit'ilt lou of I ht' Tall aud ot her I'JI('('t ral Illl't h011s
to t hI' solution of dllft'l'l'lltial ('I(t1lttiolls h WI',\' I'illlpit', A hi:',h or" t' I' Innrt ionul
I'(l'ril'K is UHI'c1 as uu upproxlumtion to tilt' solution of tlu- "qllatiou, awl diflh'·
I'llt luriou and ot IH'I' oporations al'l' itllpI<'llIl'lIt I'd as auulvt k uprrut ions Oil t hut
S('l'iI'S, Unfort una: t'b' I Ill' l\IWH nut at inn oulv ~N'\,I'~ t0 Oh~il'llI'l't his ~itllpll' I'm't,
mul tIl!' lllPthods art' tll1ls ll\'oiclt'11 h~' mnnv IH'('all~(' of Ih,. IWl'(,t'iwd dilfil'lllty
or thpir Iuipleuioututlou. A gllod illustration of Ihi:- probloru with till' stall-
dunl 'Iun uiothud is SIWWll ill its uppllvntlun tn t he Ol'r·SolllllH'r1i,ld I'ljllatiOlI h~'
Ol'szlig (lDila). Wliilo tlu' l'I'~"llt;; Ill' ohtuinrd fill' this prnhloiu \\'1'1'1' ('X('!'l'llilll\l~'
i\I'('II\'lltp, hii'l uututiou is nhsl'IIl'P, HIIlI to thl' Itllillitiall'cj tlu' silllJllidt,\' of thp
Illlllt'l'lyiug llll'l hIHI is "Olllpl!'t I'!y hidden. 'l'hi» Itmi 1'1'~nllt('cl ill munv I'PI'l('al'l'h('nl
IIShll1 iunppropriut« tpcimicpll's 1'01' (i'al' of nut Illlth'l'stnll(lillp, th!' 'dlllirult' SPI'('·
t ral 1Ill'IIuHl. 'I'his was IIiSI'lI~SI'II ill II\(' provluu« I'lwpll'l', !lilt I t hI' qllOI!, 1'10111

Muslowo (l!)Sll on IHW' :.!:.!,I st ill dl"wl'ihl''' t In- 1',1'111'1',,1at I it 11th, toward .• IllI'sl'
1I1pl h(ll Is,

:';1'1'('11\1 1Ill'III!Hb ill'l' st ill lall\d~' ilKI'd h~' a]lpli!'d iuut hoinut kiall;;, and ilS a
l'l''';1l1l tl'(' Ionnul iuu.uiou t'llIplo\,pd h~' tlu-iu b 1\I'IIl'l'illl~' illil('I'I';,sihl!' to PIlI',i-

Ilt'flrs 1I1II1.llll1'l' t;('jl'llt !sIN, For ill:-<tHIlI'I'. I Itl' roruprehousiv« xuuuuarv of "Jll'('! l'H1
Illl'llto,lsgiwll bv Cnunto rt u] (l!JSXj whilo nuthoritut ivo, dO('" unthiru; to pop
lI\ilri~l'till' mothod. III runt ru: ..1 10 till' uonunl ap}ll'oi\('h, thaI Ill' ()I'ti~ IOltil.
1\' Silillaril (l!l~1. l!Js:ll, till 1\' Ortiz (i!)'\:l, )!IS!;, !!IS';')j i~unusual ill Ihat it
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11.5 Summary

The various trIll'S of uunu-ricul lll!'t hoils of solnl ion ttl tlilI'1'1'I'lttial I'qllal ions ill
I.\I'IH'l'IIl \\'1'1'(' pl'l'sl'nl('<i, 111111till' various moritx 111111llismlvilutng('s Wl'rl' disl'IISS1'11.
All iuothod« \\'('1'1' SIIllWIl to lJOSSI'Sl'l II hilsk ronunonulitv, all it;~nl' nsuully avoidl'll
ill Ihl' litoratur«, II!'!'I' it disthu-tion was mnrl« 1)('1\\'1'1'11 1111' IIlSI'!'!'ti>Hllioll uud
tlil' uiunerlenl snlut ion of I 111';;1' s~'sll'lllS,

Tho SPI'{'ll'ill appronrl, shll\\'PII its!'lf 10 Ill' t hI' most ncrnrate of t lie 1111'1hOI Is
tlc's('l'ihC'd. making it till' obvious rhoir« fur arcurato solution of the t-quat inus
dl'wlopl'll oarlior. III IhI' filll()willl~ !'Imp!!'l" IIII' Tall appruadl of Ortiz [Ort iz
(H){iO). Ol'liz,~ Smnnrn (In)'!1. l!I~:J), Lin k Ortiz (l!lx:!. l!IS(i, l!lXi)j j ...modilird
ami Improved, aud its ad\'alllal~I'" an' domonstrntod,
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'I'he Hl'pnratiou or thl' solution Pl'O(,(,ss into two stap;('s is couuunu to all til!' cat-
(,~ol'i(lt' of numoiicnl method, Thus tho ('att'gol'iHatioll ordn Sil\'H (l!l!)(J) - \\'111')'('
h(' dh;! illp;uh ..1H'" ;;Pl'l't ral, iuitial valu«, awl Hili Ip.(Wl'I'l'I'IH'P lIlp! hods ali ~(lilaral I'

hUI equal out it i(';; - is 11awl' (1. III n-ality :-;pp('tral uurl liuitl'·dilli'l'(,IU'l' Ill!'!hods
(I<oH'l'i1)(1 Iltl' method of iltscntivutinn (Jil!'l'illl~·.makinn clisl'l'l'l!'), whl'l'l'a;; 11"
initial value upprnarh b [ust OUI' moun» of solution of 1Ill' result iliA uuurix sys·
tom. Aunthor I'ql1i\Il~'valid moans of solving both Sp('('tral 1I1lIIlillitl'-(lilfPl'1'1l('p
sYSI('lllH wOIII(\ hI' a din'('1 npproarh, such '1:-< tho q·H 01' q-t. uluoritluu,

'I'ho coufusion al'is(,H Irom I Itp 1IIl'1lwds ('OlllllloIJ~' ('lllplo~'('tl till' tlH' ('Ollsll'1!!'-
tion ol tho numorirul ~y~;t('l1lwithin till' roruputrr. 'Iruditiounllv, Iinito-diilorour«
1'H'hpHl('H dl'al dil'l'l'tly with tltl' intornction 1)(1IW(,1'1Iuoilnl values. Fol' iustunrv, II

roniputor alr~orithlll will usually cnlculut« t ho (lpl'i\'atl.vl' of Ill!' nodal values Oil a
por-poiut hasiH, P\'PlI though Ihp plltin' oj)(ll'aliou is l'l'lll'!'~l'lltahll' Il">illg lIlt' lila-
trix uotutiou. Whit!' tho matrix nature of I'OUH' of Ihp proo!;" awl construct ions
w;pd it! :;Jl('('I1'al 1ll1't1lOclH llIip,ht giw thpil' 111'>('1':; illl'igh1';! iutn this pl'illdpal or
('0 III11Hluali tv, til<' jI('l'I'l'i\'('c1lluiqll(' awl ohs('1ll'(' nat Ill'(' of tll(')o\(Imothorls to IIII'
rummuu llltllll'l'il'i;;t results ill au olll',oiug lllj~I11I!It'l'stnllclillg of I lid!' simplirity,

Oh\'i()1\~I,\' tlll' a('('1ll'IU'Y of lilt' clillh'l'ut met h(hl" i~jll'ofolludly l'plal ('(I to tho tYJll'
of (liH('I'!'ti:,mtioll. Whilo tiill'l'l'l'lll IIp}ll'lmdH'H lllip;ht Ill' ('Olllhillilll'. and mnnipu-
liltill!~mntrieos ill Ill(' Ham!' way, tht, urtunl nnurbors ill till' l'('spl'('li\'(' llmlrk(l~
has It vast Plr(l(' I 01l I 11(' l't'sllltilll~ solunou. Wit II l'('p,Hrd tl) urcuratrlv l'l'lll'l'·
S(IUcillf', It :-<lUooIIt tIif['Pl'pulial hy~;t oiu, t lip ~1)(>('1l'II1 Ill!'I hods ar(' silllpb' 1\\1'moro
d!kiN1I thnn 111(1 Ilnito-dtlloroueo a)lpl'Ol\('lH'~, Thl« it' H('hit'\'('c\ h~' [iulk-lou«
l'i1()il'(I of inl l'l'polating Iunrtion or p1I\('('\1I<'1I1of' gritl poluts, alld \\1'1(1 of m'('mal ('
011 I'l'IlI 01' matrkvs. TIll' .tlwlogy iH IhI' suui« 1t1'1'(I HH hpIW('('lI thI' ('OIlVP1'!W1U'P

of. fol' il\~tml('l" a Taylor ~:(lri('S aH OIlIHISl'(llo It FOl1l'il'l' s(,1'iP!-l,Whil!' both IllIlY
11(1,'vllltmtl'd to the HIIIlIl' number of tonus, till' lat tN' is Ih1' 11101'1' !'flki!'llt at
Ill" n:1J!ltg tll!' varlatlou of a Iuuetiou whil« I1Hill!!:muuv 1'('W(ll' tl('gl'I'('~ of ft'!'!'(lolll
th.-u th" i"ll'IW'I'.

III some throo-dhnonslouul SyHt ('illS, I'm iustnuco I Itl' dh'('1 1iOII1 1ion 01' IIt!' 1'1111
Navi!'l'o:-itol\('H oquutious, tli« unkuown« IlH ua 11.\'lonu It t'/till' of IIIIInbors, aml
xiinplo (i,«, two-dlmeuslouul) mutrix nlJ\!'hm (lops HoI IIPllb' (lil'l·(,tly. ITow!'VI'I'
IIH' uraumeut is HIill ('ottlph'lt'I~· vnlkl, Anv Innu of dis('I'l'til'lIti()ll will result in
I It!' Hatlll' Ionu or t1is('l'l'tc' (nit hough not nmtrix) :-<,\'sll'lll t (l Ill' sol\'(l(J.
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k-al values of the approximnttxl Iunctiou at positlon» ill tIll' solution domnin.
In thl' Fourier typl' H~Ht{'lJI~(fillit!'-{'ll'llll'llt, Tall, {'I(',) tlt('S(' l\i:-;('l'l'tt, vall II'" nre
morr ahHt raet C'llliH(,t-I, Iloro Ihov nr« till' ('opllicil'llts of all iut I'l'polittilll.~ s('ri('s,
lor ill~tlUl('(' It Fourier or polvuomiul ~C'l'i('s, III eit ln-r {'iI',p, ill thl' Cmll]lII/t'I' rop-
1'I'S('11tutiou of t 11l'';1'unkuowns is ill IhI' Ionu ul an al'l'a~' of muuhor» or IIIat rix,

Opl'l'atiollH ill Ihl' dilleroutlul oquutious, Ior iusuuu:v di!['!'l'Plltiatioll 01' Illultipli-
rution, <11'1'l't'pl'C'sl'nt ('t! si III plv !IS opl'mt ions of I hl'sl' nnkuowu \'1\I1I('H, 'I'hoso
operations call bt' t1t'srrihl'[l ushu; tho rich lall~\1agl' or t hI' mutrix all~I'1J1'a, Er-
ft'l'I iVt'I,Y t hC' rouunouall! Y lwl\\,1'1'1I all t hI' 111l't IllJtls is t ln- ('OIllIllOU \lS'lg(' of
nnu rix nuuiipulnt ion to solve III(' resultiug all~l'lmlk s,\'sll'llll', 'I'hero art' \',U'iOIlH
Idu(IH of analytic cquutiou: hruudlv spt'llkilll~' initial value, boundurv value .uul
dWl'iI('t"rjstil' value (I'igl'll\'ailtl') S~'litI'1llS, Till' unturo of ('(lrh tYIlt' of SYlitl'lll i:-;
tho only Inrtor that l'Il'(I('ts t ho structure of Ill(' l't'sll!tiuA uuun-rirul ~~'~tl'll1. not
t ht' nuuiorlrul mot hnd emploved. For lust unro 11 dill'l'l'l'lltial 1'i);l'Il\'aitH' prohlom
would result ill Iill' solution of tht' t1h;['),(·t(' S~':-;t[llli

AI' .::::.\/J,,'. (11.1 II)

where ,\ is t IH' chnnu-t (ll'ist:(' vuluo •. 1' is Iht' df\('ll\'[I('!m" nIH! till' mat tic'!'s ..1 awl
B val'? at't'Ol'llillg t II t hI' uuuiorlcnl tonuulation usod, Tilt' sb\(' of t ho Ilmt riC'I'S
detonulues Ilu- ortit'l' of solutlou,

All numorirul mot hOlts of Ionnulutlon Oil an kloutlenl uunlyti« l'ig('IlVailH' proh-
lom will Ipat! to it matrix Ioruurlatiou kloutknl to (11.10) allow, III litlllt!' ('ast's
this uuw 1)(' !'xplidt [i.c, til!' uumoricul systom that is I'ol\'l'tl is (ll.lO)J, while
othor iuethods of solution mi!\ht buplkitb' rt-foruntlnt« thiH oquutlou into au-
other form that 1\110\\'1':-lillllll{'l' solution. Tho sllCl()tinr~ method l'lllph~·pd b~' Ng
& Hdll (1070) or (i('I'Htillg (WHO, 1!lH7) is 110 more than this vquutiou l'l'i\l'l'l\ll!~I'(1
as 1111inltlal-vnlue problem, TIlC' shoot iUA Ult't hoci is I Inn; uot SPI'l'iIiI' 10 IhI' H·
nito t1ilf<'I'('Il('I\ (or othl'!') method, l'alh!'l' it is silllply It plIl'ticular wn,\' o/'lmlvillg
(1)(' matrix problem, TlH' sopnrutlou of tht' uumericnl Ionuulancu aud solutlon
i!< shown ill Jig1ll'C' 11.2 helow.

Problem 1)iscrclisntioll Numericnl mclhnd
of'solutlon

t Finile-lliffcrcncc 1

Imtinl value, Finitc-clcllIcntAMI,,,, I AIcebrnlc Ouundory )differential Iloundmj'-voluc \ mutrlx vnlue
equation Iormulatlou

'·~."r;_"""I.,""""_"'_
I. Collocation , ( Chnrnctcrlstlc )

'. value, 'luu ,
l etc,

\ Fourler

Result

Discrete solution
at space-points,
or as coefllclcnu

Fh~11t'(' 11,2: Tit!' jll'()('!'1iSof muuerlrul Ionuulntion nrul uuun-rical soillt lou,
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IIWl'l' ('OllllllOll Sturm-Liouville probloius nrc ill fact Jlo1,\'110111iab, Exaulllh's of
surl: polynouiinls uro t Itt' ('hph,\'s1I!'v awl L!'g!'II!It'(' polvnouiluls. Bill h allow a
shupl« extonsiou of thr bohaviour of Ih!' Fourier s!'l'il's to non-poriodi« SIlHHil It
In lie Iions,

Tit" Ill'll' of nnv al'hitral'~' Iwt of nrt hOl'.oual Iuiu-t ions will not 1',llamll!!'1' SPI'I'·
Iml ('nn\'('r~('u('(' for l\ll~' ~\l'll\,I'al llrllhh'lll, Alllongst nl\wl's, l>jWt'y k J)mzill's
(l!HiH) dwi<'1' of hasis f1l1H'1inns was luuppropriuto uud did HoI allow sp('rtral
('Oll\'Pl'AI'IH'(l [Orsznf, (1!IiI a)]. Flirt h('I'lIlOI'(', t IH' 1,\'11('of problem to hI' III(H 1('11('(I
must match tlIP method of solutiou: lor iustunro. it Fourier vxpausiuu is itll'l!'<'('-
tivo Wit('11IISl'd Oil a non-periodic prohlom, unrl all spertrul mothods' ('OI1\'I'I'A('1I1

lu-huvlour l'('cItWI'S to a11\!'l!rair' uoar n (IiS('olltillllit~, - dill' ttl till' Uihhs pho-
IHlIlH'IlOll [< 'nnuto r! III (l!l~)'{)J, Titus. uullke It Iillilt··dilli'l't'lu'(' met hod which,
alt hnuuh iuaceurnt«, is !',I'llpral1~' robust, anulvti« )lI'OIH·!'tiI'S of t Itt' S~'st('lll run
profouudlv alr!'!'1 II :;11('('1rnl nu-r hod, I'l'lldl'l'iu,l!, iI lit) 1H'11('1' t hall tIl!' 1'01'111('1' ill
iH'( lU'Il('~', II owovor, t Ill' dil:-O~or sulut ions son~\ht III itj('Ollllll'!'~;~ibh' lluul 110\\

al'(' gl'lll'l'ltlly suioul.h. '1'11('1'('['01'('as 10ug it:; (hi!' ('itn' h" taken iu tlu-ir Ionuu-
lution, sp!'('ll'nl mot hods ,'Ol' :;1I('h Jll'ohh'lllS nro usnnllv HImight Iurw.ml. The
urgunu-nt Ihat I II(' s(lPI'( ral mot hod's (1i1Ii(,1I1t~· in huplonn-n: at inn shollld I'OIlH'·

how hI' t nuled fur u Iiuit ('-(lilliot'('II('(' sl'iH'llH,'H ('as(' of illlph'llll'UI 'II iOI1 [~rnslow«
(1!)~1). tin Silvn (1!l!lO)J i...whollv without truth, Fit,:;tly. spoctrnl tuethnds ill'('
Hot luml to huplonu-nt H. lind soroudlv, Ih(, 1('\'('1of urt-urary at t uiuahle Iroui
a SIII'( tral a,', roach is so !\l'l'at!J that I'll!')! rompnrlsous 111'1'rendorod fallacious.
Ilowovor, lillitr-dilrl'l'C'l1('(' Ill('t hods 1111' still optiunuu iu certuin dltHSl'S of sysll'lll
such as shork-wuv« plH'IWllI!'UH, whore Ill!' (lis('oul lnnit iI'S ill IhI' solut ion d0111ail1
1't'1I(\('1' tht' I'jll'l'tl'al aPJlrmll'h uou-opthunl,

11.4 Commonality of solution procedure

'l'rlH ll I louu 11)" t hI' lliffl'l'l'llI 11111II ('l'iI' II 1 sl'llOolH (filii l1'01'1<'1111'111, Iiult ('"c1iI)'pl't' 11('1',
spovtrnl. ('II',) III'I' 1I1'1'HI'I1I<'11as hdul\ vasuv dispamt(· ill Ionuulatlon Itut! 1111 ..

iuerkul solnt lou, Whill' t lip ('olH'PJllllill Iunnula: iuu of I'adl motlunl might II!'
ruther dilfN'PIlt. tIl!' munorlcnl solution of tllP l'l'~l1ltilll\ Illt1lIC'I'ICl/l 8.tJ,~II'I/1 is
ill ouch "1\1'(\ 1IlIII'It Ill!' l'allU', Thi» !'O1111110uali t ,\' i;; usuallv hkklon hehinrl I lu-
uomonclut 1Il'(, (01' in ;'0111(' ('1\1'1';; .ii\l'r~olll Ihit I ('ai'll philosopby IIS(':-;,

All uumorirnl nu« h(H h, rrquir« til(' tipI onninnt ion of Il Sl'l of lii;i('n't (. unknowns
III It Ilnit« cliIr('l'(,Il('(' or ('ollomt ion 1111'1hod, I h(';;!' unknowns will III' dil'('('1 pl',1 ",.

"Thl' opvrutiunul Tuu mothorl. l'xilillilll'ci ill ~('('Iilln 12. iH liS lutuitive ns till' !initl'·clilrc'r, ,,'
philllsoph,I'. IIncl IIl11l'h cWii!'r III impleuu-n].

"Thl' infiIlitl"III'1Ic'1' ,IITnr;II'~' uttaiuuhle with hlll'l'tralllll'lhllcls ullow« 1I1lI' 10 solv« l'I'rlaiu
prolilems In Ull' ' :"1 of i"'I'tlran' fI'lJllirl'cl, (limiu«] hv murhiu« Ilrl'risioll), For instunr«, ,I
SIII'(" -nl solution 1(1, '('ilr ordinurv <liU'I'l'!'llli;ll equutinn 1'1111I,,· 1111111<'10 "JlPfIliu'h I hI' 'iIIlll'/Ii,'
sclutiun In as Illilll~' si!;nifil',l1It 1i!\llr<'H us h cI(·,in'ct. In ('Ul1trllCliHtilu'flclll. in II lillil('·<lilf!'rl·u(I·
Iormuluuou, it iN not 11I1~hihl('10 SIl('rirl' hlllll('lll'hitrilry PrI'ri'lllli .uul thou utuun it - Ihc' urrlor
of IhI' k~·~t('1Il1U·('I"~illn· tu ,10 this 1II11\lIt lH' hnlilr(\(' it' tn n-mlrr il illllln"j]111' within Illifl'lillH'!
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around till' perimeter. A fl<'lll'l'al approach for the two 11.... usiounl nu-thml of
solution is contalnod ill C'nuuto s! ul (1D~tl), This dps('l'illtioll shows how to
satisfy pioco-wise eoutiuuous boundarv conditions around tIl(' porlmctor, but is
vorv theoretical und rather dillirulr to comprohond, Uufortuuatolv til!',\' giw 110
exnmpl« of tlw more gC'ul'ra\ mot hod,

'I'h« St.UH\Hl'<\ llll't hod of Ionnulntion fo!' it Tall implomoutntiou is 10 dc'\'P\op
t he oquat ions annlv tirully, dil'<'c'll~' from t hI' l\IWH ronditiou ('(!lta! ion (1t.s).
This run II(' (I'clious 1',)1'uny hut the t'illlplc·:-;t problems [thl' dorivatlon« of Ol'szag
(Hl'71a) arc' a pC'l'ii'c'! exumplo of tho muthouiaricul rmnplicutiun involved], EVl'1l
the curront mulu-snvam thinkiug OlJ this mattor !t'c'<' Cuuuto dill (l!l~~)l is lit IIe·
chnngod Iroui tIl<' origiuul approach of Lanzcos (1O:3t-:) nud tho Ionnnlisms of
Fox &- Pal'lwl' (H)(j8), A~;will 1)(' shown later, thl'l'1' ('xhits all ill'~l'lliollS altoruate
llH'1"11O(1 of dorlvat Ion [or this approach which larg('ly l'PUlOWS tho muthoumtirnl
ohf.l, .1t;O!1 ass(lc'jatP(l with !h(l stnudard form allow, It i:; uufor: unato thn I
til, I' rroivod mut lu-matiral ('olllplpxilil's of I Ill' uiel lunl haw (1ii'i('Ollralwcll1lal1~'
l'('s('!U'dll'l's from udoptlug this I'xtl'<'lIlpI~' sirupl« vot highly aeruratc approneh.
For ins! all('(' Maslow{' (lO~l) uiukr« t ho following !-ilat PIII('111 :

"Thoro nrC' 1-10111('mtlH'l' involvod uianipulutiuns roqulro.l 'in llu: Ohcb!Jshr'll"
'l'n.u. 'md/lOti, so this methud should only 1)(' usorl if grl';tl HI'('\ll'II('Y

iH roqulrod uml/or high values of R(' m'p to 1)(' c'ollsic\('l'('cl", (italics
1>1'('S('1\\ nut hor)

St I\tI'ult'UI H HII('h as this aro highb' db"lIasi\'(' 10 IIPW \'l'sI'Cll'l'hl'l's ill Iii!' Ilold,

11.3.4 Accuracy

TIll' 1\('('lIl'lU'Y aud ('01\\,(lrg('lH'C' of It well fOl'lllllJah'c1 H!)!'('I ral uppronch is 1'<'1al,l'(l
to tlH' ('Oll\'l'lW'llt boluwinur wit It order of all int orpolnting Fotll'i('l' l'l'l'i!'s I () n
smooth l)('l'illt1k fUll('lioll, That is 10 sa~'. if it fUlll'tiollll(,I') ill IIll' l'ill1!.\<, !.I'I.,I'~J
is jll'ri()(\ic' ;111cllulluitolv ciHi'l'l'l'lll lnl.l« wit It I'P;;PI'l't 10 ,I" 1hor 111(' ,Hh Fourier
('O('[Iidt'lll of this fuud Inn \; Fo1tl'il'l' HPI'ic'swill dl'('ay fasl Pi' than nnv IHlW('l' of j
111('('Ol's,mg (1!J71a), and the corollutv ill ('i\llllto r! II/ (1!1~8), pao], Thl1S tho
Fourier HPl'it'i4 to 11(.1'). trunrut«! at onlvr N, will ('Ol)W\'gl' polur-wls» 10 I ill'
Iunctlou II{,I') al It raIl' '.',1'('1\11'1'thuu nnv !W\\'('l' of N, This bohuvlour is what is
tonnod i'll.li7liiu,(l1't/c'I' I/I'I'II'1'11('!1 h~' Orszag (lOi1a),

'I'll!' C'OIlVC'l'gl'tU'1' or it Fourior !'i('ric's In II uou-periodi« IiIII OO! h flllll'l iou runuot
however Ill' gl1llt'l\1\tl'l'cl 10 1)(1 of inliuito-onlor at tho PHeI points, ThiH iii 1)('-
('it\1SI' lhl' svunuotrv l'ltlhl'(lcl('(l ill tILl' Fourii-r ;'!'rj('i- do('s HoI allow for dlllerout
end values ill lIlt' 1'<1UI\l', IIO\\'I'\'Pl .. ('1'1'1nin dnss<'s of 01'1hogollal polvuomial«
\\'111'11 llH('d aH all inl(ll'}loI1l1illll I't'l'il';; Ior II uuu-poriorlic, hut HllUHIIh fuuctiou.
will gllill'lI11ll'P :-;lll'('lrllll\(,t'Ill'iH'~' 110 tuuiivr uiliai tlu nlll ('(I1IIW/llll,~, A ;,;ill",lll:u'

Stunu-Liouvlllo O}l<'l'IttOl' run 1'('1'\'(' ill, 1\ IV'HPI'alm' of 1'11<'11 fllllC'liollS ' its l'ig!'ll·
valuo« will ,~l'l'\'1' Ill' sultuhl« !'illl(licla\c'H, ~rOI'l'!l\,(ll'. Ihl' l'ig('Urlllj('lioll~ of Iltl'
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11.3.3 Tau

TIll' Tau approneh is 14imilal' to Ih(' Gnlorkin mot hod. hilt horo tho trial and II'Ht
Iunctions need not 1)(' kleutirnl, Tilt' tr-st functions do not lll'{'(':-;:-;al'i1y satislv till'
houndnrv couditlons, aud the auxiliary couditlons must he' applk«] soparatolv.

In order to iucorporato thl' boundnrv relations, some of the higlll'l' order inner
equatione art' dropped ill their Invour, It can 1)(>shown that this iH equivalent
to perturblng tlll' original oquatlou hy a polynomial Iuuction with It number of
unknown (,(H'fIici('lltH Ti' The discarded relations can lH' used to determiue tho
value of tlH'H(' ('(Wflil'ioutH, DII(, to !lll' introdur! ion of th('sl' perturbntion«, tho
problem iH not OV('r-HjHI('i!i('(\ bv tho appllcutlon of till' boundury condltions. As
can 1)(' S('('11, the 111\111(' of tIl!' method stems from tho denotatlon used for the
p<'l'l.lll'hillg ('o('lliC'il'UtH,

It. is U('('(lHSlIl'Y to perturb the diflcreutiul oquut.iou 1\11<1(11'invostigutlou, h(l(',WhP a
t1'I111(,(\t('(1H(·tiNl such as oquntiou (lUi) will not Il(l('ps:ml'ily Hatisfy this equution
(lxlH,tly and tho boundary condltloua shuultnnoouslv, Ilowevor, if I,IIl' SC'ri(,H ('011-

talus enough rcnns, tlll'l'Wlll'rturhiug vl1l11(,Hwill he wry small hulonl, illdimt.iug
that tho S(\l'it's ltaH convergod close to the' ('01'1'('('(. rosult. III fad tho porturbutiou
('O(lllil'i('uts Ti ('IlU Ill' IIs((1 aH au cstluiuto of 1.11<'error ill upproxhuution. Fox S,'
Pnrkcr (1U(j~) ('outaiuH a cmnprohonslv« l\(,H('rilltioll of tl1<'Tan iuothod.

Since they are implemented ftl11t'tioually. tilt' npprunch to boundary conditions
ill this method allows gl'(lat Iloxlbllitv, Thill' it is all Irlcnl dwiep for problem»
ill wlilch thoro aro unusual coustraints. Thoro is no rcul llmltutiou Oil IIIC'IYIl('
of hOIUHlary condition that, cnu 1)(' applied. HIW(I that thl'Y run 1)(' l'(lpr(IHPutl'd
as lUI unalytic Iuuctlou, Thus ill\C'gl'al, rlorivatlvo lind oth(l!, rouditlou» run
1)(' 1'1'pr('RPU((I(\ 11l'Op!'rly with gl'NlI, ('lUi!', and ill a ('oltlplC'(ply unlfonn manner.
Flll'tlWl'1UOl'(l, (11(11'('iH UO I'l'Htril'tiOll as 111<'1'('was In tho collncatlou approach,
('otH'('ruiug multlplo bOUll(lal',1' condltlous nt It xinglo point. All boundnry rmuli-
tious aro ullko in thnt tlH'Y nro llnonr op(lrlttOl's onto tho uuknowu ('o('lIid(llltH,
Thns ill gonorul allY bouudnrv oporator thnt cnu Ill' l'PPI'!'i'iC'll(pcl as

.((11)1., 'u ::~ 0, (l1.D)

«an Ill' Iluifol'luly iu('ol'porat(l(l lnto n Tan upprnuch. IIN'p.( t'ppl'PrH'uts It g('IH'ral
oporator onto tlu' uukuowu Iuuctlon II "" 11(,1'). p\'alllat('(lat It point lu tlH' 1'11Ilgl'
.I~:::0 ,I'll'

TIH' hotuulary lmplouioutution. nlthuugh highly Iloxiblo ill onr-dimonsiouul Tau
prohlotus, h(I('OUll'S vlrtunlly illljlOs:;ihlp it II rwo-dimouslouul Ionnulatlou is I1Sl'(\.
This is primarily duo to hll'OU1!lalihility of tIH's(' condition» WIWll IlPIllil'(l ill tlu'
two ro-onliuato dit'P('!ioIlS, TI1\Is two-dimouskui.rl Tan dis!'l'l'tisntiolls an' 1'1\1'("
awl 1\1'<' usuallv onlv H('(lU ill th!' solution of simple relations Hie!' t11(1POiHS()ll
cquution Oil 111('H(II1I\1'(', and whore !Ill' !lolultlal'Y ('oll(litiollS .11'<'zoro ovorvwhcro
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(iii) Multiple siiuplo boumlnrv conditions at a Sill~l(' point in lit!' domain POS('
a Pl'l:hlt'ln, For ins! iUH'!'. I II(' Orr-Souuuorfokl equut ion COl'pluno-Poiseuillo
flow rcqulres f01l1' houndary r-ourlifious - two ut ouch cud of IIt!' domuin- for
a prop!'!' solution. Thus a rollocation tuet hod has to ass('rl hoth ':'", I ::::::Il
nnd (1t/1/ri!1ly 1 "'., (l at t lio suuro node. For slI('1I a sit nnt ion, tIll' al~I'Il'ak
equations at SOl1lP lnuor Ilotlps have 10 Ill' rouioverl ro make 'l'I!lat·p' ill IIll'
opl'l'at or matrix for tIll's!' ext ra rouditious. This is illl'll'galll nnd physkallr
iucorrect. Cauuto rl III (l!J1'~) tI('s('dbl's how 10 uvuld pi..)1>IPlllS with (hii'>
particular Ion.mlut ion.

(iv) TIt(, above limitations Ill'(' perhaps oll~('t hr tho acl\'allta).\l's of It collocation
uppronch ill a two- or Ihroo-dimonsional domuiu. Ilero Ihl' Iloxihilitv ill !lit'
applica! ion of bouudnry runrli! ions allows us!' of non pit'('pwis!'-('()ul inuous
conditions around t IIC'ptlg('s of Iho rlmnniu''.

11.3.2 Galerkin

III til<' Gnlorkiu upprouch, t IIC' I('st mill Irill I Iuuetions al'(' horh gloha I SUlOol h
[IIIlC't ions of similar Ionu, nud aro dlOS!'1l so as I() sat is~v tlH' houudurv ('01 II lit ions
automatirnlly, Thus tlH'l'l' is 110 111'l'd to apply Ihe illIxiliar:,' couditious. As it

result, such sdl('lII(,s cnn Ollly \)(' !HiPc! ill s\'st(,llIS where hO\lllclnl'\' rundlt ions
art' hot h simplo and (1)('l'io(Ii'("7, uud t hI',\' 1~l'!1 Iluis hi~~hly 1'('stl'kll,'1' in terms
of thoir npplknhility, Tvpicn] sy:4('llls whore such llI('th()(ls run bo Itl'plil'cl arl'
ruuougst ot hors: ('OIlV('('! ivo Ilow in n closed box, uud t 11(\trnUS\'C'I'HI' (!I) dln-ct ion
clis(,l'rtislltioll of How 1>('1\\'(\('11 parallel plates.

Tho most ('O1ll11l01l orthogonnl hasis 1'01' sprr+ral-Gnlorkin methods ill Iluid mo-
dianit's is tho Fourier sories, or its slu« and ('ositli' rountorpurts. This allows
IIS(, of It lot of uvailnblo - and highly ol'litui:-('1\ - muuorleul marhiuorv. :;udl liS

fill'll Fourier truusform all-\ol'it Inns. It is }ll'l'lI,'(ls I hI' fallliliarity wit h I II<'Feurior
s('d('!'! Ilud Il'adH mallY l)('opl!' to ttl iJis(' I his 1l1'1'1'Oa('h. d(lspit I' IIH' 1'('\'('1'1' l'(lsll'ic-·
tion .., wit h h01llHInry rumlit iOlls 1'111aill't\ 1>y its uduptlou. Bot h Ihe ('olloml lou
IIIH\ Tau nppronvho« uro, dl'sl'il (' t 1lC'11'1'('I'i}l!'('II\'{' limiuu Ions, far 11101'1'1I(1~'lhl<'
t hall t ho t~al(,l'kill nu-t hod ill Ihis 1'l'gal'd, Olll!'rkill 1l}llll'lllll'hl'I' IlI'I' howovot ex-
tl'llsiVl'ly lIS1'11ill Iluito-olomont :;~'st('IllS !M'l' ~it'llkic'wki! (l!l1'(i)], it SI'!'IlIS muinly
fur histnrirnl l'l'IIS()IlS.

tin' two-dimeuvionnl (l1(lI'oiIl11'1 11011' prohlom "f ehuptor 111,II rlisrnutinuitv !'xisl~ at till'
PilH' Willi at till' ink-t. This i~llt'nlust' Iht' inlet Iluw is ruustruiurd to Ill' uuilonn IU'rWIN Ihf'
(llp(' inlet, .\'hil'h violates Ih., lIuoHlip rumlit iun ut tht' wall hNI'. This dllouuua hxl tu tht' USI'
or u mlxerl r ..",..lloruthm sulution !lfon'dun' rur this w,tt'lII.

71ly 11I'flt li, is uu-ant th,\I tlu t'UflthliullH (III ('illll'lliitlf' of lilt' tlmnuiu ;:tI' 1t!t'lltif'ul.
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of til(' illt('l'l>olati11p; Iunctlon at points (tho collocutinn nodes) ill tlio domain.
The c1istill!~lIishillP; featur« about this uppronrh is tlH' HITII('tlU'l' of tl}(' oporator«.
IIN'(', instoad "f thl' lin-t derivative opora: ',ful' lustanc«, Iwillf,!; ,il'l'i\'('d lo('(\ll~'
as in a Iiuite-dilloreueo 1'11'11('1111',it iH constructed as all aua!ytk Iuuctlou under
tIll' l\IWH appronch, and then 11'II·1I,~f(l1'1111'(1 into thr phvslcal ckuualu, Tho rrsult
of Ihis is tim! sucl; opI'I'aIOl'H ,\1'(' !llohal (Iull matricc«).

'1'111' transfbrmat inn IlI't\\'I'I'11 t III' Jlh~'si< al aUII HJlI'('1 ral domaiu is • dopoudout
011 t IH' nut 111'<' of th(' trial fuurt ions • usuallv a Fourier or shuilu r transform.
TI111H, unlike it Iinl to- lli ffl'l'I'ul'!' upprourh, Ih<' rullorut iou method is dOH('I~' rc-
latorl to, ,~lld lurlood oquivulent 10, tho Galcrklu awl Tall 1111'1hods (t hpsl' two
methods aro cxplnin«! helow). TIl(> l'o('lfidl'lIt~ of a Galerkiu (01' Tau) problem
em I h(' trnn-Ionued via a Iint-nr mutrix-operutor (01', 1'\'1'11 quicker. hy a fm.1
Fourier tmnsfonu) to till' space-values lill' all «qulvnleru !'O)),l!'iLtioll set-up, anti
vice versa. This f1rxihilit.y is l·xl.l'l'lIH·I,v useful whou ('()ll~icll'rillA til!' uon-lluunr
tpl'lllS ill l~ Tau method, Thes« involve performing a (llllllll'l'i('ally oxpoualv«)
convolntlou in tho or! ho~~ol1alhasis; but it is suhst nut inllv <I" :('1\1'1' to trunsfnrm
thoso tonus into tho physical SllIU't'. perform it tcnn-wlse multiplicntlou, und
thou transfonu Ihem hark again.

Altoruntrvolv, the rollorut Ion values cnu ho t hought of' as proper t'ol'lIit'il'lIts onto
t 11(1LaAl'ILn!~(' polvn. 1I11ia)~,thal is polvnomlnls of t hI' form

(11.~)

which al'P itll'lItkally ~Pl'O at ull rh : l'ol1o('aliou poillts .1', ('X('Pjlt tho node .I'k' Au
nltoruntivo WIt\' of dpl'i\'ill~ dill'l'l'('utial aml 01her olll'l'atol's [01' I Itp vullorut ion
method is to rousklor Ill!' uuulyti« tH'luwiollt' of Ill!' polvuomlul (11,1") under
cli!l'I'l'l'lIt iut ion und ot her oponu iOlls.

TIlt' Hill.ilal'ily of till' cnllnrntlou appronrh til a fillitl'·(lilfI'I'P1H'1' mothorl allows
til!' SIUlH' philm;ophy to he' nrlopt ('(II'Pgardillg I hp OIl'pli('cLtioll of bomulnrv courll-
tious, Thus tllrl collocntion lIPPl'CHtl'i1 shows shuilnr aclvllutllp,I'S (uud limitutions)
as clews It liuit'(I'clill'l'l'PIJ('(' (lill'!

(i) Slmpl« Dlrlrhlot houndnrv rendition» C'llll 1)(' C'nfol'('('ci clil'I'('lb' al Ihl' lloIIl'
of 11l'l'fl'l'l'IH'I'. usually hy l{·pllldu!.\ t lu: 1'C'11'\'ClIlI. row 01' column ill I hI' OJ!"
crntor matrix hy till' Illlllu(lary eoiulltion (Impllcit solution), 01' sillllliy 1,V
sl'ttinp; the' relevant UCHIl's III tln- Hpplkahh· valuos «('xpHdl),

W) il1orC' involved ronditiou» (i':I'III1Ii1Il1I. Hohin 01' other) 1I111~' 1'I'II11i1'I' rum-
plimtpd munipulut ion of hourulnrv lmcil'H, Cuuuto d II.' (l!)s..;) ('ontaill~ II
d('lltill'd (\is('llsHioU or how to denl with surh ('Ollllitiflll,' nit hotll!,h lIO Hiugll'
unlform upprcnrh Sl'C'lIHi to I'XiHt,
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Uurler lIl1' unnnul ~I,,"H Ionuulntiou '\:;ill~ (,ll1'h~':;ll!'\' polvnorulul«, I It" 1t'i"1
functions i\l'(' "'klo")::: 1/(1" ",~)I!~ 10('Il~\I1'I'IIJI' .Il'tltOJ~IlIIi1lily rmulitlon (11.7)
ill t It .. l'all'~1' [=1. 11. 'I'ho olll'I'at:C1l1al ..Tall uu-t hml 111'\"1'1',!I'ill-; I'xplil'ill,\' wit h
lI'sl fllll('liull:';. so 11111'111'1111'1'1"lllsillt'l'aliulI 111'1"11,,. J~i\'('11 III theiu,

12.0.3 Chebyshov polvnomlnla in [O.lJ

Tho ( ·lll'\I~·:.ht'\·PlllYllllIlliab ill Ihi' l'l'sl l'iI'll'd r.lIlJ',(' I' ( III, 11. 11'1'111('111 h(' ('hl'II~"
Sltl'" )lUI~'III1111ialsul' IIII' sl'rollll khn 1 !Fox ,\. P.ll'l\('l' (l!)(,~) J, run hI' ('"siI,\' 1\('11"

('I'all'll 1'1'11111 till' algul'it luus (1:1,1) uml (l:l"j.!) vln 1'1Ihst n ut ion 11ft lu- all\l'lll'ili('
rolutlou I' = ~(,r + 1), TIl('s" uro I hI' 1I,ISis J!Ob'I':illlhlls Ihat will h,· IIsl'd ill ull
till' JI1Uu('l'iI'al snlul ions ill Ihis Wild., The J.1lI11.1'IIS not at ion IIf llsilll~ all iI!<!t'l'isk

(0) tn IIt'un!!' thl's(' pulvuomial« will Ill' lIs('(1 lu-re.

TIII'Y ill(' ulvou l'PI'lll'lii\'('h' hV

1ij{r) 1.
'J'a"(I'J ,~ 21' •... 1.

(12,·1';')

uud tll(llirHllC'w 1f'l'IIII; iIl'(I

'I;;{I'l ._ J

'['tVl " 2" '.' 1
(~(I') l'il'~ S" I

;i2,,;J _ ,JNI'~ t 1,"1'

etr,
( 12,1:-»
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From (12"lII) it is pnssihll' III rOl'lIllllalt· a trivial 1'I"'IIl-:;iw 1'1111' III c11'l'i\'I' till'
lulinite nuurix ", If' Ih,' ,·II'IIII'uls Ill' " al'l' ,11'uut"cl iI~ I'r./, IIII'll " run III'
~I'UI'I'al("l hy alnorit Inn (12.1) which Iollows:

I'U,II z.. 1
1'1,1 :.::::1
for I 2 : '\. {

I'"U ,'-I', 2,11

for .i..:: 1: i
"", . ~ ...,I, 2., t· 2", I., 1

} ,

TIll' 1~"lIl'1'i\lillll or" J is 1'0s"il,I,' ill I\\'II WiI,\'S. Fh'slh'. il ran 111'iU\,I'I'II't1 III
yinlcl ,. I, 1I11\\""\"I'r it i-; l'cl'o~ihlc' III cMilll'" I """'fI'I'IIl-siw}\' 11.111\1'(W(iSa I.
I' 2!Js. ('Cillal inll!; (:!2)] as

" 1: I'", 2k.': /./1, :!A' ( ~, ) .» : II", ,li/21. ll:!..t 1)

when

1/In ,..: '. i', 1.;" 1.
:!

(;"11""011 jllu II: Ih,' lc'illlilln 1"1'111'" Ill' 1h,' Inhult ,. Ilmtl'ic',·s IIshlf\ IIII' u!rvll'il hill
(12.1) l~i\'I'll

(J

·1 II :.!,.,
II -:I () ,I (12, t:i)

1 () s II x

" '~,\'I~I;:;iiii;~';;,:i~ ~1I:;:h' f,;;';i;r.:illlilll\ 11'1111ill 1,1,1,,"·, rnlllllll,llinll, '1111',,"·"id.· II IIf III"
I:, t.'tlll llJII~1IH' Illldlll,b.~1I", ~ Thi~ i~ .Iu,' I.. Ihr f.I~lriull..f ,.,ktllJ:Ib,' lIN ('b ·!r,'"h.·\'
nl('lIic ir'nl \\'JlIIil r.U·I"T 2
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l.2.0.2 Chebyshev polynomials in [..1,1]

Tho Iwl ofp()l~'lHlllliaIN 1;,(,1'). ,I' c I", 1, 11 art' ronn«l thr t ·lu·h~'Nhpv polvnoiuial«,
TIIl'Y can I>l' roprvsoun-d oxplkitlv ali

'1;1('1') ('OS(II(1)

Ii '""('OH 1(,1'),
(1:.!,:l!I)

All extrusive !-I11l(ly IHl!-l hpPll uuulo on til(' 1l1'()lH'rti!'N of I lip;;!' Iunetlon« [:,('(1
Pox ,v Pal'lwl' (l!)(j~), Hlvliu (l!l!)(llj, which an' r'illlply 11'igOilOIlll'tl'k I'l'latioll!-l
with it dHllIg(' of lndopeudrur varlnhl« 'I'hns llU'y shur« till' smuo ('OIl\'Plw'ut
heluwiour a~1 11 FOlll'i!'l' ~{'l'il'~. ulmu; wit h t lu' )ll'O)H'l'ty Ill' lniiult« (liIr!'rt'lltilthilit~'
uud minimax boluwiour, 'flu'y can hp pvaillatp(l I'P('I1I'Hiwh' a~ follows:

'111(,1') 1.
'1'1(,I') ,I'.

'lhl(,I') (l:.!..IO)

Thus till' lil'Ht fow tonus ('ltll b(' silllilly ovaluutorl mol:

711(,1') ~
Ti (,I') ,I'

'1"2(,1') ". 2,,'~ '"' 1
'[lI(,l') -- ,J.l,a _.' a,I'

'1'1(,1') 1",1,1 '01",1,2 ,I·

('!(',

(12,,11 )

'l'hN'P 1ll'I'IllIlUY variatiollS 01' 1't'('I\I'HiOll Ionuulu Ilpplimhh· to th('~:t' I'lIlll'tioliH [SI'I'
1.\11((1(l!HHI:t. H)(Wh). Fox.\: Pnrkor (HHlH). Illvlin (1U!lO)J. that 1\1'(1 useful ill tIl!'
dorlvatlou of lI11l'l'IlIOl'1i ill tIlt, oporntlonul-Tau it)l}lI'Oadl, A sillgnlal'!y III-Wfll1~('t
of l'l'snltH wlilrh will hI' 11:-1'(\ ill til(' d!'\'!'lnpllll'llt of thl' lllllll"l'i('al Inuuowork, iH
tIll' iU\,!'l'Hl' Ionuulutiou oJ' (1~..11), hilt Iirstlv, it b111~!'rI11 ttl l'OlWi(\!'l' (l~!,.11) ill
vector untutiuu

(' \',", ," [1 ,I' ,I'~ ",rr
and tho iu\'PI'SI' l't'lntiulIHhip till' ," II~ II 1'1111(·tiOB of T

". (12,1:0
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12.0.1 Legendre polynomials

Tll1'~11 llllb'll1llllial!ol al'<' IlxpJil'i1 b' 1)l'liul'c) iii I..1. 1] ns

{A'/"j () ( )1':':; I I,' '!.k· '21 k '"l.d,1'} ,-0 "it h (,~1) 1 ~, .,,- (1'2,:I:i)

'ViI h l.o{J·) ~-: 1 and 1.1 (.,') .-" .r, I hc' ~c'l'il's run 1", ell'fiuI'(1 l'I'I'Il1'~i\'l'!Y a~

(l :.!,:lm

Thu», llioOillr,cit lu-r ('lllUlt iou (l '2,a:;) III' (12,:lIi), il is I'll'lill'llt ai',\' t u cloriv« I'i I IIt'I'
all I'X .clt Ill' l'I'I'\II'~i\'l' ulgurltluu fill' a~~I'lUhJiul~ all IIIIiIIi II' matrix I', surh that

C' [:; \.n C':-~ [/,I) 1,1 ",rr, ,I': [1,1' ",:1 ",II' , (l:.!,:Ji)

Fill' I Ill' I.1'1~I'llIll'l' s~'III1'IlI, l ' ch'jhll'lI a unique 11II1(lpillll: t 1I1Is l' is iuvort ihll .. IUIlI
au iI"'I'I'l'I' trausfonn is Ai\'l'll h..

(1:.!,al'l)

Tho mntrlx l' 1 vun Ill' 1~('III'l'IlIl'lll'illll'l' h~' Ilil'l'l" ill\'I'I~,illll IIf \', Ill' h~' iunkhu;
IIsl' IIf t ho lell'lll il ie'll 1'11111uh 11'1I III HZI'Aii (1 !!a!ll,

'1'111' J.I'gl'll1 lrv polvnomlul« luiv« putout lnllv ut I rurt i\'l' )ll'upl'l'l il'l'I wit h l'I':O;I1I'C'1
III IllI'it' IIS(, In a Till! Ionunlat Ion: iuuuolv t hal Ihov show 111I'i!'maxluuuu am-
pli I IIIIt, ill I hi' 1'1'1111'1'IIf 1111'l'alll\l', 'l'hl« lUa!>I':i I lu-lr 1'1'1'01'rllstrlhutluu la1'I',C'l'iI
111'111'thr ('l'lIll'1' uf IhI' l'alll~I', with thl' !cl\\'(lfil 1'1'1'1I\'11(lIIHil~'111'111'Ih(' houudnrk«,
I III' nrc'i\:' wlu-n- III'It (II' 1'1'~1l11l1ion is 1'l'l)lIit'I'cI ill 1Il1l~1 pip(' sl ubilitv Ill' hCII:.III-
llry (;1"1'1' I'akulatiulls, This I':UI Ill' l'outrilslt'll to I Ill' ('lll'h,wlll'\' polyuounnl»
IIc':olI'!'illl'c\ ill I lit' 1u'XI l'iI'I'1ion. whor« I hI' ('1'1'111'i~1'\'C'1l1~'clHl'ibllll'cl (1\'1'1' IhI'
l'illll',C' ["'ri'lh! (l!I!l:nJ, 'l'h« i\('('IIl'iIt'Y 1\i1ill h' htl\\'I'\'I'I' ill:-;it~lIi1il'illll ill 1'1';\1'1kl',
1)('1'1111:-;1'I hI' ('hl'h~'shl'\' ";111111iun run jllst lit' I i11,I'1l tn all vxt m II'I'IIl 01' SU, IU
IlI'f II'I' IIII' m'I'I\I'i\(,~'of au l'qllh'iI!t'UI 1.1'1\1'111lr« lin'llIlI!itl ill11, III III lu-r WII!'IIs, unv
smull j\('I'III'al',\' gailll\tu' III 1111'1Il'iI'III il LI'l',l'lUh'l' hal'iis 0\'1'1' II C 'hl'h,whl'\' UIII' iH
~\\,illlll'I'11 h,\' t lu' ral« til' illI'I'I'a:,,' ill urrnnuv which hUI h shnw wlu-n I Ill' 111'1\1'1'Ill'
sululiun is hU'l"I'i1SI'11. 'I'hus both allJll'lIilC'(II'S 111'1'1'11"C'I'li,C'b' I'l(lIh'ulc'lll ill 1('I'IIIS
ul' iU'I'IIl'i\('~',
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is importunt. Wlll'u l'(I(lldllg it solution, OIH' i!-i not looking Ior t.h solution to
tho truucntrd 1'('l'h'tl (ill whlch ('asl' UU(' would ass('lllhlt, llllltl'it'l'~' with initial
dhuonsion N ;..N). hut ruther Ill(' pro.i(l(·{iou of tho iufinlto >;('riI'S solution outo
till' SlIhl:iJH\('(I T'N. I, TIH' l'l'l'mitillg solution hi l~lIarallt(,l'cl til ('OllWll\l' Sl)('('fl'Hlly
above ('(ll'taill N (onco til<' (':-;:-;('Iltial [('attu'('s of the nroblom at'(' proporly l'I'P'
l'C'SC'lltC't1) a:-; 1011[\ as I h(' function b smoot 11mul t lw s~ st(,lll is c'olllpll'tl' ill it

suitublo Eillll'l'l spa('(" '1'll('s(' two ('oll!litiolls 011'(' 1111'1hy all 1'I'ilSOIlilhh, s~'sl(,lllS

ill inrumpressibl« Iluid dvunmiv«, and l'l'l'tililllr hy all t hi' pl'ohh'llIs ('ousidl't'('11
ill t hiK work,

TIlt' itnhlllC'lllatioll ('anil'cl out ill ('qllat.iou (12,:J 1) iK cqnlvalout to iguoriug I h('
hiAII('sf IIl'd!'!' iuuor ('qllaliollS ill favour of'th« auxiliary enmlitiou«, As llH'lItilllll'd
h('(Jt'(" IhiK upprnaeh iH valid (und itul(l(lcl is th" 1'~'i'il'llI'(' of I h« Tall 111('1110<1) Ill"
('mIS(' tltl'l'(' ~\I'lI('l'all.v is IlO ('~IlI'1 xulntiun iu tl1(' tnmnuerl hash, t'N 1 10 thl'
uriginal «quutlou (12,20) which also Hatb~i('~i t IH' uuxilinrv ('OllllitiOIli"l (l2,aO), III
or(IN' to make IIH'I'II'l'it'H l'(lllrl'~'l'llt;ltioll all I'xal'l solution, Ilu' S~'I,t(llll (12,20) iK
1)('1'(111'1)(,1I 11,\'a hi!"h 01'<1('1'polyuourlnl wit It (it sumll uumbor of) C'llI'lIil'il'lll H 1'"
That is, It solution is sought III ~l'.'1+'r :::::0, 'I'lu- porturbntlon 'T ,'-'>::~"I'" 1'1"j
ill such tluu (1)(1vnlu« of tl is suiull, TIt(, solution for tIl!' values of till' IlUIWOWll
1','s ('1\11I)('l'('atlil~' ohtuiuorl h~' IllilisillP; t.hl' lliKI'('glU'Iit'(I1'('lilliolls from 1111'lnnor
problem (Th« (\1I1~lIH'lltati()ll rurried out ill equation (12,a·1) I'lf(,('ti\'l'1~' roiuovod
II l'rlaliolls Iroiu (1)(1 matrlx hy 'pushlug' tlH'1II 10 tho l'ighl.), I\llo\\'lt'dl!,(' uf t11(l
values of th('HI' ('o(lllidl'llts ('au 1)(lIl:a.full)('('ttIlS(' Ill(l~'giw au ('xllli( it l'P!Il'(ll'iPll'
tatlon of the' ('1.'1'01'of tho approximation, II()\\'('Wl" tltiH is 1\llll('I'PSNlU'Y Iw('ttnH('
til(' 1lIi\,~nitlldl' of the' high('st ol'cl(ll' (,()l'lIki('UfS of tho !i(lt'h'ssolution will supply
itS goml uu ('I'1'Ill' I'slllnni.(I, '1'111' lI11uVl' IJ('l'fUl'lllltioll !lPIH'(ml'l) ii'i Inlly illllllidt. ill
tIll' oporutlonul-Tuu appronrh, awl is ('olls)lll'l'('IIIH'l'(' only lor ('1I11111!('I!'!lPSH, III
ra('t tlwl'l' is no stl'ninhlfol'wal'tl way ill whlel: I Ill' r ('()(lIlidl'lll~ cnu 1)(, I'xlra('t('11
Irotn tlll' oll('ral loual-Tuu mot hod,

1.2.0 Suitable sets of polynomials

'1'1\(1abo\'!' tliS('llfWiclll hn« \I1'IH'(lI'(\!'d ill it 1\l'IlC'l'n1 fnl'hioll, wlt h IlO KJll'dlk n-Icr-
('IH'(' 10 IIH' polynmulul bash" TIJi" HI'I'Ilou ('Oll"j, h'l's IIpplil'Hhl!' (',l) IIlklnt 1'.'1 1'01'
I'llI'll it hasis, Two pU\,\'ulIlllial hasl'~ coum '111.\' 1l~1'1! ill l>i!lI'l'lrnl mothorls nl'"
l'ollHit l(ll'I',1 • IhI' ('h(,bYl'ihl'\' pnlvnoiuial« a, • Iho L(lI\PlIIlt'(' polynomials, Both
Sl'ls of pnlynomiuls "all Ill' I'ru'ml(l(1 Irom ~;Jl('dfi(' dm;}il'~ or Hing111al' Snmu-
I oi\l\'ilk nprratur [:0;('(' ('illlllto r! III {1!l1O(S)J, Iiuth an' l'ollsjl\Pl'nl ill 11:1' !'aug('
,I' (' [~'l.lJ, Ilowovor. aiul iI:- will h,· d!'IlUlllHlmll'll fill' til!' (,h(lh~':-hl'\' polv-
uouiiuls il j~ trivial to ('oll\'!'!'1 hurh ,,('iH of polyuoiuiul to till' l'(,!'tl'kt('I\ I'illlg(l
" ( [0, II h~' t lu' 1I11',('lmli(' trallKjhl'ulIltjoli r 1/:.)(,1' ,I I),



W11(11'(I!li is a known rulumu \('1'101' p\'alnalt't! H~!ll "" 1:"('I, ",' Equation (12,:H)
ruu 1)(' rowrlt 1(111as

h!Jj =:::: (\, I ..• 11.1., " " ,~ 1 (l:!,:I:!)

'1'11(' " Kl'lHlratp ('OlHIiI iOllH rail IIOW lIP rumhhn«] into a l"iugip ivlutinn hy all!\-
IIlPlltillA Iltp I'l'paralp \'pc'lors .lit into it matrix aK

(12,:1;1)

Th(1 Pljuiltioll (12,:1:3) is now ill nn unulonous Iunu 10 l!t(· imu-r problem, equut lon
(12,2!l), TIll' hOlllllim',\' ('(JlHlili()ll~ ('HUIlO\\, Ill' alll~llll'u!I'(llo IhI' inuor vquutinu,
aud Ih« 1',\'1'1(111110 1)(1solverl now 1)(I('ollll'l'

( 12,:1,1)

12,5 Solution procedure

Th(1 oquution (12,a,l) Irom 1111'provinus K('rtioll iH an alg(lhrait' s,\';;t(l1l1 ill thp
ort.hogonul hlUiis I' uuulogou« 10 111(1urigiunl dillcrontlul oquatiou, II j}; however
uu iuJillitl' sYStl'Ill, 1H'<'n\\!Oil'Ihl' \I11}\lIO\\,U Iunrtion 1/1 is l'Ppla('<'c\ hy Ill" iulluit«
Hp1'it's oquivnlenl., A~ wns llll'llliOllp(1 \)(I[hr<'. provklod thl' flllu'tinll I;' is ...mont h,
awl HO al'(' all its t\l'rim! i\'P!I, thou its ~(ll'i(,H l'::qlaUHI!'1l in till' hllHis (' will ('Ouwl'gP
(l\'l'l',\'wiull'l' pniut-wls« to I h<' al'l unl Iuuctlou at a ral (I gl'l'al('I' Ihan allY pO\\'1'1'
of X, aK X· lIlt' 1I111ul)(I1' (If tt'l'lIlS in t ho !'Prips· b ill('1'pa~I"l. That is til Hay. Ih(1
lufluiro ~t'l'it,~ 1'(lI)1'(':;(ll1tntlon of 1111'dlllerontml equutiou • ('<Ilia!ion (12,:1,1) • will
Ill' cqulvulent 10 11ll' ol'i~illal('(IIIi\li!)Il, Furtlu-nuuro, duo In I hi' iullnlu-onlor
a('('1Il'al'Y of t 111'~(lri(IH l'!'lll'(I}i1'1l1 ilt lou, Ih(1 !il'ril'S cxpnnsion 11'1111('1\1(1(1ut ~Olll(,

Ilnlto N will Ill' all I'X('(ll'llill~~ly l-\(lod ill'i'l'oxilual ion to t hi' ul'igilwl [I\tlt'l lou •
Iho values o('!lll' lIinhl'I' ('ol'lIid(IIlIH inllol'l'(1 b~' Ihis t1'\\11('1\1 lou will hI' \'(II'.\' 1'1111111,
A~l('1l111111ltl'1' l'l'HOIll'('PH 111'1' Ilnlt«, III11l hll"illl,il' till' solntlon of tIl!' inliult« H,\'Htlllll

hokl« 110 l'l'ill hl'lWlllH lu 11'1'II11-! 01' i\('('I\l',U'Y, !11"solutlon i,.; 1I0W liulIghl I (I 1)11'
HYHt('1ll 11'lIU('I1I('11 at HOIIIl' Iiuit« valuo,

A solution is HU\I!\hl tn (12,a,I) ill till' ~nh~Jli\"1'P>; I of pulvnominls or onlor
X ·D 1, or in ul lu-r wonls h~' l't'pn'Hl'lltilll\ IhI' sulut lou ill 1hI' tmurnt I'd IliI:oib
",\' I' This is adlip\'l'r( h~' : ruu-ut iug hUI It I lu-O(ll'l'iI!Ul mntrirrs II. II' HI S:-. N
uurl III .Y l'(,slH'('li\'l'}~" As iuvut iom«] lu-lor«, IhI' tl(lri\'atiou~ ,'OW'l'I'UI't! lII.fi.
1IIi(' llllltrit'('>'. Illll~ 10 m'hil'\'(1 IIII' ('01'1'1'('1 Iununlnrlon, 1111' liuul sy~ll'lII (12,:1·1)
uutst Ill' 11'1I111'al('d a.f/r'1' il~H(llllbb' Irmn illliuitl' opl'mlo!' Illatl'kl'~il, This bis\ll'

""~IFI;;;:t;';,~i~'~~';I;;;;~:~;;I:'::;;~i;:'~~;;~i:~l\llilll\nlll~trul'tillll with1lIi1II'll'I'~ lIf lIl'lh'l Nih' l( N + h'
where k 1'llHills ur l'x('('('.b thl' l"IWI'r "r tl(!' liln~I'~t I'lIh'lIullIii1lllfl"llIllltiplil'!'lIl1lu tlu- Iunvtion.
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I'IIt-1ilya('hil'wII through ('lllll'l'lliuJJ; " Irmu ouch Hhlp of 11u' vquation (l:.!,:.!t') b~'
,::ViHioll, Thi« HlI'p is equivulont 10 tht- I'Cll1atill'~ of C'lIl'lIidc'nls ill tIlt' stundard
Tall uppronrh, awl l'Oll~I'IJII!'IlII~' thl' luuor problem IIC'I'OIIlI':o.

;;(;"" ii ' ( 12,2!1)

l';I!lmt:tlu (12.2!l) iH soluhlo ,,~' iuvorsiou ul, and pust-urultlpllcatiou h~' (;, Ilow-
(1\'1'1', no bouudurv «oudltions ~·(,thayl' hC'('1l all~lIll'lll('(I. and thus ill all likeli-
hood, (; will Ill' singular, Furt hl'l' to Ihis problem, IhI' mat dc'('s at this:-it 1IgI' an'
all aSHUllll'11 to Ill' lnlinito ill l'xtl'lll: uurl [01' Ihis reason I11(1:'c'l'ldll~l, nl' a solntiou
iH II litll(l 111'1'111111111'11, UO\\'I'\'I'I" equation (l2,2!l) i:-i ill 1111'C'UI'I'I'I'1 Ih,lII III have
houudnrv ('Ollllitioll;< alll',III1'lll!'l! • tho Huhj!'I" of thl' IlI'Xt sl'l'tinll,

12.4 Boundary conditions

'l'ho solutlou li,.- It pal'tit'ulul' (Wf('l'l'ulilll!'c!1lalioll snrh as vquation (12,20) 111'1'11:.

tlU' huplomontutlun of luuuulurv rundltiun» ill order 10 viokl u unlqn« Hl'iulHlll,
SUi'll coudit iOlls f\l'llc'I'ally Iuko t}1(' Ionn of liuonr Iunrt illllals hllpo:wli at :-;UIlC'

Iixod point in Ih(' rlumuiu, iuuuolv

tl2,:1ll )

II!'!'c' I': j,; SOIllI' llnour ('11111'1iouul; Ior ('Xalllll!t' surh all o}ll't'alol' ('0111d Ill' Ih .
";jrp - ,;~~, TIll' l'c'slIlt 0(' this oporutnr Oil ,;. iH I'vall1all'tl al Hllllll' }loint 1',. IIH111tlly
lit Olll' I')ul of thl' domnin, hut. gl'll!'I'nl1~' :\lIy\\'II1'I'(' within it, Tho tN'1Il {Ii is 1;eIl1U'

«oustuut. 'l'111' I' !lol1lu!m',\' IllH'1'1I101'S [oj ('1111III' f()H1l)()sl'cl of llH'lIll11'l'l-I of till' 1:1'1
(l of cliIh'l'('lIlial Olll'l'IIlol'I'(,

{TI'(iu~~llll' I-lallll' 1I111'1'1IH('11HH l)('rol'I', ('cillat lou (l~,:l(J) ('1111hI' l'l'!ill'llllllal ('II ill I Ill'
01'1 hogonal IIH~h as

( l:.l,al)

AI this poiut 1\ l-Ilil'.hl lv ,li!l'l'l'I'UI :lPPI'1Ii11'h b t ilkI'll, TIll' 11l1l11lIIHt'~'olu'l'IlI 01'>1 111'('11
10 III' Itllnllll'llll'l I lot hI' ~~'1it1'111( 1:!,2!\ I, whteh iii 1111' hUII'I' IHohll'lll 1/ (It' I' I III' IlH~is
Vl'l'tol'S llll\'(' lnx-u !'I'lIl1l\'I'c!, 'l'hus I'qnalit'll (1:!,:il) must 1111/ hI' I'I'1'ol'1H1IInll'II ill
(!'I'IlH' IIi' tIll' ha!-ii!-i \'(I(,(!II'Ii, 'I'hls b I III' ~;jlllpll'l' opt i"ll, hC'!'illl~1' IlIi>l 1'I(1Iiltillll is
ah'l'alb' ill Ihb Ionn (I hi:- iH !I"!'illlr-i!' Ih!' hi1~is \'l'dOl'~ haw 111'1'11 '-\'aillalc'c! ilt il

point), TIH' h-lt-Iuuul I'Ihll' of 1''1111\1 ion (1 :.l,:ll \ 1'l\I, 1.(, shupllli« I .o
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trausformod oporatnr .; is Hillll'b'

.r.: "uriI' Il II 1,r.: "I dr II II ' , ,
,r.: "2r11' II () , (12,2;,)

TIll' values Ior til!' mutrix (12,2:;) run C'iI:-;i!~' Ill' c'all'liiall'd cll'Jll'lllh'lIt 01\ thl'
IlI\Kis ilKI'll.

12.3 The inner problem

It has 1"'C'lt HhoWII aho\'!' lhn 1 :\ 1\l'11l'I'alisl'cl 1i11l'iU' dilfl'l'l'lIt lul I'qna Iion run Ill'
1'1'1)1'I'KI'III1'11as 1\11 l'IJnh'ah'lll Kl't of inlinit« iuatrix "111'l'atol's ill a'i urt ho,~ollal
polynumlnl hasi:;.

Anv lluour onliunry clilfl'l'l'lItiill l'qnatilllll'i1ullI' written ill "1"'I'at'll' untutlou ilS

( 12.21i)

whore ~i is 1U1~'liIH'IU' comblnutlnu uf ol"'I'llturs whlrh m'l' 1I11'1II11l'1'liof Q. or
0111'l'llIUl'li l'c'l)rl'sl'lItnhlc' within Ihl' sysll'lll sUi'll a:. IIII' limit opvmtur (12,1;')
01' tllC' iutl'r.rnl 1I1)1'I'alol' (12.21). 'rial' IN'Ill 1(1') is SUIlIC' kuuwu (polvuoiulul)
Iunctlou of " (it Illay III' IhI' solut inn Irom t hI' pn-vlous Ihue-stop ill 1\11 iuitlul
value pruhlom). '\1, 1'1111'11, /(1') run III' l'I'Jll'l'sc'UII'11 ill 11lC'c'illlllUit'ill ImsiK liS
.f(I') ~-= I,. wllC'I'I' l is till' l'ul'llidc'lIt \'I'C'IIII', TIll' ('1Il1t'liuu .f(I') run 1)(' l'asily
prll.iI'I,tl'd iutn till' hasls " hy IIII' Illllppilln l ' m:

(12.27)

Thus. 1'l'Jlladul\ ,'I ill C'CIUilliou (l2,:.!(i) wit h il" Kc'dl'S 1'l'lll'I''''I'ul ut lou, unrl I hI'
opvrutur» ill fi h,\' tlcl'il' opt-rut iunnl-Tau 1I11i1luJ',ul's,l'I':-;uIIHin

--. ~
It(i" .~ !il',

Th« uh.iI'c'l Ill' 11lC'1'lllh'il\'lIl1l' is III ol-tulu II solution I'm' thl' uukuown 1'lIl'llidl'llls
,;, III onh-r 10 1111thb. till' ('(",flidl'lIl \'1'1'101' " umst I", l'lilllillall'II, Thb- is
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12.2.3 The definite integral

TIll' cll'li11itC' i11tC'Al'al

r r/J(l')rl,·I) (12.21 )

is much like till' limit operator (12.1!i) in that its result is not a Iunctiou of 1'.

II can hOWI'VI'l' 11<' tl'l'ati'<l ill all ili!'1 I leal 11H\11UI'1't o tho limit operat or.

III order 10 find IIII' Ionn of thl' illtl'l~ral oporul Ul' matrix, ronskler t h(' lutegrul
of t he ('x)laut!1'1! sNit'li, «quailou (12.;). This cun hi' implemouted us

it 'I '1'1_. (lin -l- (/11'"" II~/'~ + II' /" ,+ •• ·)d,'
n

[
1" 1 '1 1 t ] 1- ,ul' + -rill'· -I- •.011'1'" + '-11',/' + ...
2 a ~ ·1' 0

111 'J'
:::: [110 111112 (/:1 •. ·111 i 3' J ...J

1 1 1 'J'
- (i[l 2 5 J ... J '

(12.22)

Thu« nHinp; tlt(' !-l[tHIC' npprouch I\HIor Ih(l limit oP!'l'ILtOl', cquutlou (12.17) iH )lost-
multlpllod onto oquution (12.22), iu 111'I1t'1' to 1'1'11111'1'tho forillat uf tho iutC'gl'nl
oponunr oqulvalout 10 the' OlWl'IlllII'H Iroiu till' 1'1'1 (l.

This l'C'..;nlts ill the dl'liuit(' integrnl IwillA doliurd us

rt ~1(I')dr ::.~iiJl'In (12.2:i)

whor« .J iH giVl'Il hy

1 0 () ()
I II () II;j

.1 ::::: r n 0 01
:j n II II

(12.2,1)

By W~illg tltl' hll'lll it,\' (12.11 l, .I run h(l 1>l'ujl'l'l (It! illl U IhI' ol'llwgoual basis.
Agaiu, if tlu' 01'1honouul hal'iis has Ihl' ~!'I'[I't11nnler P()I~'1I0Illil\ll'n :.:: 1. thon Ihi'
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III tho cauoulcal basis, tho operator C. run 1)(·written as

t12.Hi)

Equntion (12.Hi) has 1"0 hashol \'('!'t01' {j)(1ntns(' this \'('!'f01' has 111'('11('\,alnah'll
M, n point ill tll(, I'll ,) and thus . thi!4 Ionn ('1\1I110[ Ill' tl'l'atNl uniformly
aloug wit h terms 1411<,11as til<' elements of til(' li!'\. Q. This iH onsilv l'('('ti[i!'11 h.v
poxt-uinltiplyim; oquation (12.10) by tho quuutitv

[1 () () ... Jj;
1 r- [1 () () ... ][11'l' ... J

_. 1
( 12.17)

'Ihis 1'C'S111ts in

L:(': ::-:> [l' [i'll'i"'1I 11 0 () ... J] r
., [[ ~ T', J]=: CI 1 1'1"''''11 I' ", .1'11 ••• J .1 () () ... r

_. fiL,'
(12.11\)

\\'11<'1'(1tho matrix L ('ousists of ~(ll'()(,S (,X('ppt, [or the' ri1'Ht column which is "1" I'll'

For example. if rn ::::::1, (:h<'11 L will ovalunte to

i:~~~"'l1~1:::: 1 ~) o , (12.1U)

By lIIo1illg til(' hll'utity (12.11). L run Ill' !lro.i(l(·t(·<l into thl' orthononal hasis. It iH
however trivial to show that L, Ior an 01'tho),;ollallmsiH whor« tho iWl'o'ih 01'[1('1'
pnlyuomlal ro G 1. is !limply:1

I'U'" -rn () () 1
[WI) I'll,· I'n () 0 ...j"2J,· I'u 0 n (12.20)

As will II(' shown 1111:('1'. ass(,lIlhl~' dirl'('lly ill IIII' 01'1 hogoual Illl~is iH huport alit
uruuorlcnllv .
.... ~ •.;:__ .c·"""<r_"""",,=~'·-_"·,,";--="",,,"""""-_""""-"'~.~.--""''''''''_ ':""'"

"All t·,'asullahlt· Iilll';lrl~' illdl'I)('Il,klll hasl's • l'l'rtaillly both Ih,· Clu·h,VNht·\·111111I.l'/\I'!ulrt·
M·rh's. hit\l' as lht'h' Zl'!'u'th 1l1"It'I'Iuurtion I'll 'c, 1.
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1) - \' ])V'~ I
_ Fl/11/ltI!F I

__ (Fl/I' 'I)(FIJV 1) ... (1'1/1' 1)(1'/11 1),,"/11' 1),,,,,,,11' I)

" fC'1'1I1.1 In /('1'1118

Thus hy theorem 12.1. nnv 1-11'11('1';\\IhIPn!' (lifl'!'1'!'lItial oquutiou with oporutor«
('1<'11\('1111' of (l, giwll by

['Po + 'PI + ....of. [IN 1 (/I( 1') :.~ .f( 1'), (l:.u:n

whore 1(1') iH som« f.!;plIpral (polynomial) Iuuction of 1', run ho l'l'lll'C'St'lltl'cl ill till'
hl\sis Ii as tho HyStl'1ll

(12.H)

WhN'(1 !l'('lll'C'r;l'uts til{' known C'Ol'lliC'il'llIH of till' uppliod polvnomlu! Iuurtion j',
ill the' ha:,i.. r,

As run l» ,'Pll, any such c1Hfl'l'C'\lt·ial oquation rnu hI' rPlttiily Iormnlaterl as
an cperutional Tall method, Hilllply hy a:-iHPlllhliug tho IllltiricPH 'I !tHd jl ill
ncconlanco to till' opomtor untutlou of tho originnl dllloreutlal oquatlou.

Till' upplk-aeiou of till llll'tho(l is h,\' 110 IIlPHIlH llmltcd 10 llH'lll\H'1'S of (l, Unusual
ojlPl'!ttOl'H HUl'i1 ItH dcliuito uud indellnito illi.l'graIK, un.l lhnit-nporator« nro HOllH'
of lllltlW llnoar O)ll'1'fttOI'H that ('I\U ho Hllh.i(·(,t('(l to a unltonn tl'!'Il!.Ull'ut uurlor
tho method. TIH' two tyP(':' of OPN'fllot' that will \)(' t1'l'a(('(1 It(l1'{1 m't' 111(' lhuit
OIlI'l'lttOl' awl tho cldiuih' integml O)H'l'IttOI' • 11(l('JIuH(I of tllt'il' npplieutlou to
tho current problem, It iK oloinont tn',V to oxtoud IhI' priudpl\l to other uuusual
opomtors,

12.2.2 The limit operator

('01,:-li<1l'1' au olll'l'atm' 011 t/, or tlH' Ionu

SlI('1l an oIH'ratot' ()('('l1l'1'l wit !till t Itt' equntiou (ltJ.a:l) [01' Iho solution of t h« t,l\s('
Ilow. AH will Ill' HILOWll, till' C'1UTl'ut npprourh will trout such uu nporut.or in a
unifonu w w, 1'11('11 IlwlIy1l 'lie: /'1'81111 18 1101 CI /lIl1l'1wlI (~f 1'.
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aud roprosout t 11<'1'1l'!'ctH Oil the ('ol'lIidl'utH of it polynomial dIu' to (liih'l'('llf iat ion
and pro-multiplicntion by I', l'("'l1!'ctiw!y,

The Ilmll'i('(', (tU()) ('1\11 ('asily IH' W'llN'at('!! by ('ollsi(lpl'ill)!, tlu' ('11'('('ls of diller-
ontiatlon and multlplirution ou the' ;;(,l'it'!4cxpnusiou of cquatlou (1:l.i) (/1(1') ::-:::
E~o (Ii I'i. Important to UUt.I' is t ho order of t lu- 0:,:'i'atol':> 1/ and /1 ill oquutiou
(12.D): (h!'s!' lIHllri('{'!' oporato on tht' ('0 t'1Iil'il' lit vet-tor il. th{'l't'fol'(" I)('('alls{'
(lilfl'l'('llt.iatioll pl'l'('pc1('s multipllcatlou ill quatiou (12,/{), tho ()Privati\'(' matrix
II lUlI!'1 post-opernto 011 it firsl ill this raso,

The olWl'at.Ol'H 1/ and It are now )ll'O.il'etl'(! into lht' orthogounl bili'lis, By virtue of
the' llUtJlpillf'; F, oquutlnn (12.0\ -un hl' l't'}ll'PSPlltpti ill Ihl' hasls i..A slmilnrltv
trnnsfcnuation is tlt'lil1('d such that [01' unv matrix A.

(12.11)

is t<'l'llIP(\ til(' ('oujl1[!,att' 01'..1 i:> (0,

Theororn 12.1 Zf '['I is rI 1II(,7II/U'1' of the' si-i oj tiilT( I'f ntia! 0111'1'llfOl'8 (I wilh
l)()lllllomial l'm11i('il'71fs, til'fined by l'ljllt/.fio'll (1:J,8), fh,'u ill llu: 111'1Iw.tJII1IIlI/!(!.~i~

I;, ilu: ciT('d of D on ilu: .~I'l'il'8 TI'1'l'C'.w TI til iitni of (/I • 1'1]111/11011 (U.l) • is

(12.12)

Proof'12.1 COllsitlm' ilu: !l('nl'mli.~I'cl 0/)1'1'(11111' '['I "" !·7II;i!::. 111wmliu,l/ 1m (/1(1'),
)' e [0, 1J, ~f IiI 18 1't'lJ/aC'('(1 by it« 81'1'11'8 1"1'11(I11Stll1/ ill Ih(' ('fLIwll.,t'fl1/1II.8i,~,· 'II ill',
iluni by I'I]IUI.iiol/. (1:J,!1 \, '['Irjl "11'11 /1(' '/'('1I'I'ilf"lI llS

'['I'!I - iiI)!-
"~ 111/11,17111',

RqltlliiOll8 (1:1,(1') lInd (1:1. .7) allow llu: 1'r',~lIIf'1ill" 1'1'/1/11('('111('11/ t~f il utul r iu III!'
a/lOllI' f'llUritilm, alld ilu: 8ub,mjltr'111 1/8" tlf 1111'tlt'}illitWlI (1:3,11) Inul» 10

iiDt' ,._ (hqJ)(l' 1;.)

-.' i;(Fm' Ik
...... i;J}(' .


