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femporally developing and linear, and the <ccond spatially developing, stoady
and non-linear, These wo sub-models prediet velocdty profiles possessivg ercor
fanction and Blasius shapes rospectively, in the zoro boundary [ayer limit. Non
parillel elferts wore formally shown to be small for the zero aceeloration, steady
enlranee fluw, and by Irferenee for its aceelocating eonnterparts,

The experimental trends conlirmed the predletions by exlibiting an incroase of
winimume critical Reyroids number with exponential constant, and boundary
layer thinning behaviour when viewed from the physleal co-ordinate system,
Furthormore, favourable quantitative comparisons were abtlained between pro-
dicted and measured laminar lows on the basis of displacemont thickness awl
selected veocity profilos. The experimental (neeption curve for eack of the twelve
lostd was below its analytical linear stability counterpart, consistent with the
presence of fintte-amplitnde disturbances. These disturbances increagod with
acceleration parameder from about 1,.% w 1.7%, rorresponding to discrepan.
cies between measured und predicted minimum eritleal Reynolds numbers which
ranged from about 12% to 22%. The disturbance magnitudes were too low to
initiate by-pass trangition, although ron-luear cifects wore certainly prosent. af
thiy disturbance level, On the basis of minimum eritical Reynolds number, the
current work shows a subsiantially :loser correlation th~n previous pipe flow
studies between linear stability predictiona and measured deviatlons from the
laminar state.

In ronclusion the theeretical mode’s developed in the present thesis deseribe
gll the Important features of the measured system. Quantitative discrepancies
lictween the two can be explained “y finite amplitude effects whose origin was
‘he experimental pipe inlet contraction,



Abstract

This thesis is an experimental, analytival and pmmerleal investigation of pipe
flows started Impulsively from rest and therealter accelerated exponentinlly with
time. The broad objectives were to reconcile measured hase flow and transition
Inception data with linear stability predictions.

A fully automated and computerised test facility was developed. The test section
comprises a stralght glass pipe of 48,2 mya diameter supplied with water via
& smooth contraction (rom an axlsymmetric prossure vessel. Flow rate control
was achioved using a magnetic flow meter in conjunction with electro-puneumatle
valves, Fluia velocitios were measured using a laser Doppler velocimeter, Twoelve
different oxpon.ntial variations were considered at a number of axial positions.
All showed initial houndary layer growth, (oflowed by o perjod of thinning in
wiich deviations from laminar flow oceurred within the boundary layes near the
pipe inlet, The minlmum critical Roynolds number In the pipe increased with
inereasing values of the exponential constant,

The unsteady, ncompressible, axisymmetric Navier Stokes equations were scaled
uging instantaneous cross-sectiona] mean velocity, thus ensuring boundedness for
the dependent varlables. The resulting equations were nused to derlve (1) a high
Reynolds number approximation to the primitive varlable laminar low systema in
which tha pressure torm was formally climinated, and (ii) an unsteady extension
nf the Soxl stabillty equatlon, involving no additional levels of assumption than
thosa traditionally employed in the steady entrance flow formulation, Acenrate
numerleal mothods of solution were developed, utilising a mixed operational-
Tau collocation method for the laminar flow squatlons and an operational-Tau
method for the lincar stability system, The operational-Tan spectral method
was modified to avold the inversion of badly scaled matrices, allowing the high
order numerical solutlons necessary in the cuprrent context, Solutions for the
stability of plane Poiseuille flow and tl e Blasius velocity profile with its asso-
cia-d stability problem, were obtained for verification purposes, showing the
method to be flexible, highly securate and economical in terms of computer
time. Laminar bose flow predictions and corresponding lincar stablility results
wore obtained in dimensionless co-ordinates for a number of flows varving ox-
ponentially with time, At all times during the conrse of Auv davelupment the
laminar flow maodel was shown to eomprivs two major civmoants (with an hotor
faco of inconsequential spatial sxiont * tweon them); the first being paraliel,
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CTIAPTER 1. OVERVIEW b
1.2 Objectives & proposed strategy

This stiuly i+ spevifirally concerned with te vatious aspeets of pipe entranes
fenes subijocted to strong monotonie aceeleratings, ineluding the base flow varis
ation, instabilities and Ler transition, 3 any.

In partienlar it was decided to hvestipate oxponentingly aceelorating lows witliu
the pipe. This decision was hased solely on the Baet chat the factor (1/76d0 /i,
wsied by Shoeu (1961 i his Hmited aucdvsls remaioed constant {or an exponeastio
flow. A dual steatepy wiss adopteds experilmental measareanent of sueh Jows was
to Do eonsidered alog with o detailed analvtie aed nnerical analysis, hopeflly
voneluding with sowe level of aprecment hetween the two. “The followinyy spaecific
objoctives wore envisared-

(1) ‘Mo develop au experimental apparain: capable of accurately generating
exponeatinf inad other arbitrare aceelevations in a pipe. In particnlar o
Iresad range of Reviohds muogdwrs and vaeving, rates of seceleration b to
e attainable by the apparatus,

(i) In conbivation withs the ahave poal, acenrate acouisition of Dow data was
desired, Sinee it was dosdved to olserve teansitional Rows, o oseasitive, Tos-
ible anmd yousdistuptive aw wewstyewent waw equired. A Josey Dappler
veloeimeter (LIWY was availabde for we, “The applieability of thix ipsten.
naent for measuremend of transitional lows was to be svalnated, sud means
o provessing data developed.

(i) Sinee only the shmple Shen (49613 1 ritevion for aceclerating flows was avail-
ahle, the developmient of an appropeiate analyteal basks was soen oo
neeessdty, Althonph the stracture of this system was indtinlly ankuows, its
desirod form was to be ae exact theopy aud wot asyipstotie,

(v} A Droud wsononent of numecieal asalvses aee wiaally wsod b the sty
of fluid e ganies problems, sane of dublows applicability. A primacy
goul way thns (o develop a naiform wnd acenrate nmpetieal methadolass,
puossilde wsing, the soealled speetval’ approach, te tackle the equations
etwatinteted fn the shady of pipe eatvanee Hows, B was docided to cotducs
a vipgoron vordEeation of the methads on vaziows stmple low peametvies,
ovder to verity their actwraey wdng known remlis for stowdvsstate flows,
Protetepal s coppdileted weres the stadadlity of “he Blasiun boundary
Ravers i Lhe <eill eontemtivns e of the lear stability of pipe avinee
Feswes, anonp, uthers,

(%) Relerving, to pobit Gvd shove, tw pavtiontar saewri al investipadions wore
{oveseen. The Bast vonecrned (o evelopinent of Use laminae ' e How e
sher conelitionr ol aeecleration. Puline in the apuldve case « e the pen-
eral matnre of the kuninar pipe developtnent wies kuown fle Sioa & Mons
VD] i the curient contest oven this bad to be detenined, Secondly
the stabitity charcteristies of the s Pow were 16 be jovestipaged,



CHAPTER 1. OVERVIEW 4
Unaterdy fows

It is however the more peserad tepes of Sow et ate the more interesting and
in fart the wore covneon e wntares for Datanee gows like the induetion awd
combustion provess within the internal cotulmstion eugive ave by their nuture
Iiighly unsteady, while wised dovs oot hlow stosedibe Bt gusts, For this reason,
stepdy approxiustionr v seterid nids pheaotaean Wik at Best be quaritatively
neenrste and at worsr empadetely wreons,

Soveral fundianental tvpes of nastendy flow oceus 1w with vaeying velocity
fiokds bt stowdy low vates, Qows with periodieally cavving oweates tht ave
stedy i the mear, wnd tealy wstendy Hows showing, wibounded mean tlow
varlantion in time. O all these sustendy flows, 16 i the latter, noneperiodic
avtvlorating sues tiar wre the loast stilien, A sood conprehension is developing
af the Lebaviowr of the st tepe of ansteady low. For tostanee i the contest
of pipe flow Moss & da sitv (1903), aungst others, have nodertaken detadlad
stndion of the impubsively tarted pipe eatratice tlow. Smne hendwayy too, s
heon made in the case of 1he stadility of periodic flows, Ty el flows the inean
velovity flnetuntes nsaally souseidadly alont amean value of either 2ero or one
offsiet fhom zovo. Uere paratotele resonanes offeets ean ndiee nstability, ad
the principles of Floguot theory [Drazin & Rekd (1081) are applicable, ITowever,
in the pouerally acerlornting case, the flow variation ix auboutded, wd hostded
the initfal worl by Show (1961 there b litte theorotienl hasis by which to
wrclerstand the stalsdfite, lot aloae later sop-lneay teansition of siueh flows,

Thie umiu dilemua centres avotnd the aghomicded matire of gonepnlly accelerate
fagr ftows, Tnthe eise of the linear stabddiey of aneloo low, an instalibity might be
prowing i an almobute souse, but 3 the Bowrste b ineressing wt u rate preator
thay the distuebages prowth, then that distarbayee iy o veality diminishing
with respeet to the hica flow, TTueeptainty alioat the teoms of definition of sueh
{lswss qre inelientive of v poor anderstauding of the benviour of the soden,

Tlas seupe of the work dos w reatde of the bisie lock ot undemtanting, vory
Droad, Thore i no penerad austlaaticad frsouoworl o which fo atiolvse strongly
weeolovatingy Bowss neither fs thore any elear upderstancding of what pavunceto:
pavorn instalility aand eransition, Fhe Tk of reseweds fu thdy neew in fuet ealdls
for 1 rigovony and Daudinental tueeipation inte tle DasdoocF acrelorative How.,
The faet thut ne one e Shon (T has conskdered an aveclerative annbyais
of thesw Qows v adicative of the need for eesenec in this field,

THseovory of un auderlying, prineiple i aveelerating Nows wonld be significan "
thot it woukd peenil te extensdoy of miany of the carvont stewdy low wethods ta
deseribe the mote pearral case, Tustead of oseessime wy poeticalar signiicnuee,
wteihy Hows wonled thean b sengn g simply aspoectfie ase of iomore goneead theory,
Alrhogls thiv ds an fdealistic wu it corves to indieate the broad seape of any
diveovers in e field,

. ‘l!w&.q:tfurthv i:;il.-f uml v-ﬂil.ﬂ.pllilir.ii stalvae by Mo o URD



CHAPTER 1. OVERVIEW 3

selations (o be obtained, wlile experiventally, the relative sase of obtaining
stowedy sxpetimental dato mahes it the abivious ehoice, Stesudiness, althongh o
we-eful nathentival alstraction, is nevey realised in teal Howa, Flows showing
vonstant How comditions in reality have to De Brse brought into motlon fom ros
or cliangeed from sonw ofhor state. Althongh the dynamie ntnre of the fow s
vitully itupovtaet, this beliaviour of lows has in gonersl boen avoided v wiost
vesoavehers fu the Beld,

Tl thesis i an attongt to vevead anue of the duaactegisties of the beluwioue
of truby unstemdy fows, It addresses the flow in s pactienlaly stiaple geometry -
that within asmwoth straigld pipe of elrenlar ecrosesection - i thie hope that the
Mtnclwaenstad effeet of strongg aceslerations on flows of all types will be reveiled
within {his stimple rneword

1.1 Scope of the study

The aeeurate prediction of transition in Beld flows i not just an Inderesting
exerrise hut affects aluost every aspees of oue lives, Tuebudeat Qows show pauch
higlior hent=transfor yates than Joniuar fows, while the diag of o torbulest
Lomulary laver is Tarpor than one which s Laaivar, Aspeets of both flows can
L wsefu] in practice. For bictanee, L (he design ol o high perforinanes niveralt,
ronrrol of bomrdary Taver srowtl, predietion of (ramdtion and the reduetion
of tuplagdesier ave important consideratiens o the serodyuamie dosipi, On the
other hswd strong tladenee is advastapeons jn prometing, chemienl mdxine and
even butndup fu the combwstion process acenrting, i the sone dereplaue's jot
etipie,

Steady Nows

Sty of stewdy llows over bladk bodies, aned the development s ceatrol of
lioundney Juyers, ix i the yealon of ‘conventioal' fudd dywnies, ad o ok
titede ol commereinbly avadkible numerical packapes can be applied to theae
proldem: with pood effeet. ‘The trasition of steady boundary lavees s also well
imederstood i pegeral, it powd corvelation between theory aid experiment Lins
beor obitadied Tur the sntive fransition process iy the vose of siuaple Hows sl
an the Tlsdue: bowslaes lover s psaallel chanuel ows,

Conddering turlngdence wselul statistically Based mapivieal models for strouply
turhulewd steuly Hows have beey available for some tine, and the pive teson-
ithle resnlis fut wany flow st s Despite theie inste Hnitations (ov iustanee
thae *elustre’ prablem of turlmbesee), sueewstal resnbts luwe beew achioved wdnp,
these wiethods in Giiedy complex domals, aeh as pas aebine oupines,



Chapter 1

Overview

A vontval wystery of the upivere aedll o i the helovionr of fuids ad ow
they How, Water from o tags 1l Blood inabimads’ veins, aad the intenetion
of nelulois interpadactic pav are viet by vopawed foom eacl vther in contest and
seade, vot all display o aniversality of Behaviowr that is vemarlabile to consider,

Fluids wlhion Quwing ot low veloeities, under ealint condbjons, nmintar o sty
tore that tesde townted a sbuple equilibring of the izternal st exterand deiving
Birees. Such Hows exhibit a lumibated or femenar steneture, where sabseguesnt
livors of fluicd slide sanoothly past others, and where points ju the e iuitiadly
elose to el other romadn relatively elose, ar become distaneed from each other
I rebwtive proportion to thele separations, Towever, when o udd i deiven sul
fierionmtly far frowe equilibriva, o hancduonentad change o bheleionr i oleerved
withiu that finicd. At (his eritiea] pojat, Che Janitae Bow of the Onid breaks down
aml @ sinnosity of motion develops until w hiphly stochastic or tbulent How
repitne presists, Tilike the lndoay systens, sach tucbulent flow shows clinotie
wotiun of individaal pactivles and points fn the Hadd elose 1o caeh other will
fuickly Deeome distant, 3nch flows show no ductamtahens widformidy in their
wetion us in kurdnar fTows, bt are apdy seon 1o aseribe toog averapge prodictalle
behuwdone,

The presietion of thix poiut of transition beiween woll-ordered Luninae flow aud
the tarbulent repime has beon the sahject of intensive resoeli Tor gy veies,
Despeite the weabth of effort thirown mt the prablen. mnel of the Tindmneraal
helgviony of transition s6l cemains wnelear amd ouly the penerad heluwiour of
wovery b siuiple lows i< well kuown,

A tundiomental asavuptivg weede by wost weekees i (e lield of assdtion
hatly experinentalids gl theareticine - i ane of stoadines, Stadied are pope
evally perforte? on flows whose ean vidues o pot cliauge fu tive (steudy
Noweeliolds), or wliore at tle vory lewst thie wean flow vazintion e the bound-
apime i Bept constunt osteady ok couditionm), The steady icanuption
siiplilies e mathewatical desepiption ol lese Jows, Agdwiieally it allnes
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Greck symbols

0 wive nnber
Bonndary bayver thickness
#* howndary yer displacoment thickness
4 aperational differentiation mateix
I parallel payneter (aualysis)
LDV beaw halfangle (experfuentation)
A wivolenpth of lght
It dyuumnic viseosity
opevational multiplication matrix (analysis)
Y kinematic viseosity
) disturhunee streamfiunetion
# tleunity
T wall shear stposs
& aziwmthal co-ordinute
L] aceeleration pariaeter

Accents, supoer- and sub-seripts

Fhe dummy vorfable 3 or 2 v omeed I all eases below, to indieate the plare.
et of the accent, supewseelpt, or subreript, I does not denote any partienlar
varinble, The eapital form ix wsed n those cases where o capitid lottor iy aost
experted,

Geplyy  vefers to conditions at the eritieal polut on the stability ewrve
L dimwensdonal parvametops
% dinweusionlves viriabilos,

polyuomial basis veetoy

g polynomial coeflicient voctar

g colluritien covllivlont vortur

P4 wiatrin apoertor in the ¢ liehyshoey hasis

A Jdisturbines it itle:

See n derivitives of = with respeet to @, # texpoctively



Nomenclature

T'his nomencinture pived the meaning of the major symbols i this work, More
apeeifie symbology that i+ localived in seope, i properly introduced where it
aceirs, atel i this omitted liere,

Roman rymbolk

velorily

fregqneney of LIV signal

expanentinl aceeleration coustant

JHEUE SRS

rulinl co-ardiunte

offset of veloelly profile origin from contre of B
ridial displieoment of LIA boneh

rivlinl displacement of LDV contro] volnne

pipe vadin

Reynohls wanber bagad on pipe radius aud mean eross-reetionnd velueity
Reviokds wamber hased on displaceiment thiclouss
wxtal displivsnen

veloolly pofile dhape pavanetep

tie

ashd volocity

mean e crosseseetional veloeity

pipae vendreline ol dy

rudiad velovity

wiiil vo-ordinate

transverse co-orditte (Cagtesian systom)

liv
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2.3.2 Pipe flows

Far less rescarck has been nndertakon into pipe flows, They are scemiugly
annlopons to flows betwoeen parallel plates (both will develop parabolic leminar
profiles far downstreamn in the abseuee of trussitlon), ut whereas the planar flow
by o woll tlefined wininna critical Reynolds munber for the paraholie profile,
of 57722218 {Orezag (1971); As Davey, miapublishied - Dengin & Reid (1981)] and
ita eigenvalne speetra are woll definel, 1he pipe-DPoiseuille flow shows no saeh
finite stability limit, The pipe inlet dow i vonudary layerlike and holuves in
a simdlar way to a flat plete Doutdary laver in a pressure gradieut. Studies of
the pipe systom have tlns rerolved themselves into fwo hranchess the stwdios of
houndary layerlike Dehaviowr within the pipe indet, aned and resoarch juto the
hiehavioor of the Poisenille tinit of the fow,

Poisouille flow in a pipe.

Unfortunatcly nnely (with hindsight, wisdicoetod) offort has been used 1o anals
vso the pipo-Polseniile stability caxe, which ns falled to show any instabilitios to
ang small disturbeuees, The body of work direeted to investipating this flow o
Been substantial [Sex] {1927}, Pekeris (1948), Soxi & Spielberg (1058), Corvos &
Sellars (1959), Gill (1965), Lassen, Swdlor & Lin (1067}, Davey & Dreazin (1969),
Salwen & Grosch (1972), Garg & Roulean {1972), Burridge (1972), Metealfe &
Ouszag {1973). Salwen, Cotton & Groseh (1980) aud Schudd & Henndngeon
{1934)], aned exeopt for a fow fawed analyses [Grachel (1670), Munalata {1073,
1983)) which id finl stabitity lmdts, all stndies have proved eategorically that
Poisenille flows are in fnet naconditionnlly stable to infindteshual porturhations,
This conclusion hng Leen confivined experhaentally by Leite (1058), Attention
wan initially Torused on the subject quite possibly becouse of the temptingly
simple description of e hase flow - o = W[ = (#/R)?), combined with the
fnot thint the Cirtesian connterpart of this flow i Inenely unstable, "The subsoe-
quent exeessive offort in probably due to, ax Morkovin & Reshotko (1989) put it,

. & mathematicians mpkh that mstability oo ansition of mterest 10’ e place
in cstablished pumbolic mean flows [in o pipe], In fuct turbnlent fow far down-
slream fn a steady pipe low s divectly atdribuiable to reawsition in the inle
aud ity walweguent convertion downsteeam,

Finite-nmplitnede studios of these flows luve beon wacde, but ag with the lnear
studies, thelr reloevanee to e physieal deseription of transition in these Dows 1
epiestionalle. Disngrecinont exists even here: studion by Sen of af (1985) gave
Hnite-uuplitude cquilibeia for this flow, while Piern & Oessng (30813 showod
none, Tryeality, (s profile ueeds the syperposition of loeally infloetional regions
with magnitwde of up to 794 [Morkovin & Reshotko (1989)] of the contreline
veloeity in ordor to becon tnstuhle,
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result I auy improvement, Subsequently o caveful consideration of the exinting
evidenee - both experitmental and nomerieal « led to a better understanding of
thie various stigges of the process, idontifying the boportant elemeuts, "The bagie
steps of the transition proves: i bomsdary layer flows are summarksed well Ly
Apure 2.1, aned arve:

(1} Receptivity {Galdstein (19833, Ttoh (1086), Tam (1986} of the bowmdary
Tavor o dishrbanees, nad the sulisogient s ow Huear groweh of these dis
turhanees as Tallmein-Sellickting (T-8) waves, Thin step comprises the
primary instabillty of the How

() The T8 waves develoy threeaditaensional chiavactoristios at the start of a
non-Huear intovaetion with the flow, aud deforin onto the A vortices seen
ine loth numerieal worle and exporiment. This process s well suumarised
by Horboert (1485, 1988) und Morkovin & Redhotko (1989), A mumuber
of arrangonionts of these voitives have licen observed - the staggered ¢
mised 1T types, and the K vpe « amd the agrecaent of the mumerical work
with expreiwent is romarkably good, ‘This paxt of the How dovelopment i
uatally torimed secondary justability, bl iy still far from tarbalenee,

(§t) Unclovstoating of the tertiary flew reakdown hos only begun recently, but
voneogd has bheon reachied between the experimental work of Klebanov of
al (1962) and wimerieal siwnlations, Brseally, high shear layer arowed
the A vortices roll up lnto vortives themselves, resulting in a suatajoable
process that leads to early stages of @ wallhounded turbulont fow. Sinne-
Indione of this provess wore st munde by Giibert {1088), and an exeellent
sutnuary of the enerent undesstanding ean be b in Klolser & Zang
{1991}, while Sandlian & Klejser (1002) present results 'exiracted’ from
Gilbsert's (1988) munerieal experhnontation,

Muny of these analyses lve drawn upon the developient of, not only powerful
eomputers, hut ace v onetien] procodues suel as the goseallod spectend
{Forder) methoack anute vt al (187)],

In gonerul the uajor adspeets of boundary laver frausition are well velerstond,
Iu smmnary, Huear avakyses ave sl valid for the early sthges of transition,
while exeellont nudorstauling of the later stapes of trawition have been ats
tained by the wee of dirert methods rather than by the rather hmited weally
uan-luear theories, 'The eagly ewsplusdy plnced on soneparalle] offects in high
Reyuolls asiuber boundary lavers s heeu shown 1o be inapproprinte, these of-
Forts showiug thonselves to be wholly insipdtioant, This conelades the browder
rerideration of howklary layver voseareh in goneral, and the following section
theals with litersture of relvvnnee to stoady pipe flows,
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There are two penerad tepes of gon-livear approuch, The fisst type esseutially
Isvolees expatisions about the pertarbation tenns of the lnear theorss allow-
ing the sohdion of stophified equations to determine the thresheld anplitades
and growth rates of penelnear distuelanees, The second appronch i siingply di-
roet aunerieul experimentiation, simulating the flow using the [ull Nuvier-Stolos
ermations el Cobserving' the realts, The latier method lay only recently
brenme Fasible, with (he intradiietion of powerful eorapnters, The fonner ap-
proach has bowever been Rolliaced for sonte thne, il consiats of & well developed
theory,

Early non-luear studies wepe by Boloe (1908, Noether (1921) and Ieisenboers
{1921, althongh the fundwemental coneepts of newslinear anandysis were only Jater
loied Dy Livsctart {1841) oo Landan & Lifshitz (1959), Drazin & Reid (1981)).
The bagic approaches were consolidated by Stuaet (1960) and Watsou (1006),
andd ure generally ormed weakly aoplinear theories, These methods sl ae
voncerid with thie expansion in wnplinede of disturbanee modes, desevibed by
the finndan equatiann A dotafled seuopsis oo dhlx apsproack is contained in Drazin
& Reid (1951).

Ther weakly nott-linear theories are only spproximations to the behaviour of the
rwal flow, aud thie must be wsed with cieennspertion®,  Inappropriate choice
of the Landun voellicionts cau lowd to iueorreer results, and thus eaee mst e
taken in the application of these wothods, However, powerfud insights have boen
gainead by their use, For jnstatee in plane-Poisenilie flow, sulstantial agrecinens
has been ebtained hetween nen=Hiear stdes and experiment, Both Pelerjs &
Slhikoller (1967) aud Roynokds & Potter (1967} deteeted subeeritieal instnbility
in this How, and Jater buth Chen & Joseph {10%1) aud Ttoh (10740) couliznusd
these resiilts, The expeviuental resales of Nishioka et al (1075) showed goud
agrecment with the theoretieal results abave, hoth fn terne: of the wnplitnede
] frequeney of distarbanee, and with the spatinl growth vates of the lnen
[see Ttoh (19710} wed weakly vonelinear modes,

Stronper nonslinewr effects eon boe acvounted for in the above methodolopy iy
fnelttding extrn forme I the expansions, governed Ly higher opder Landa cooflis
vionts, Thoeee wre complications in sueh approachos, bub sueeesdul solutions have
ey ahtabned by miany authors [Joseph & Sattinger (14972), Herbeet (1980), Sen
& Venkareswarln (19533,

Plreet atadies of the seeondary fustabilition loaling, to tachbndonee wore initially
sptively esperiuental [Klelanolt of of (1962), Kaehanov & Levehonko (19%4),
Kuzlov & Rumazonoy (1981, Coveox & Lin (1081), Savie & Thomas (1985)), The
weakly noudinear thieories abiove conld 1ot conelusivoly deserilie the beluwionr
of the nanelinear disintbinees oo Tforhert (1984}, and extensions to the basic
voneepin of Lutdan feg. Resotnt wave interaetions Cenile (1985)] cid not

A comparion, the finvar thesy ivesaet in the Bmit of infioitesimal distursiee oy, nnd i
furt ot povern the toad prowth of weaaeed distueiionees il a fair waplitnde o reached
[ Kachaney 11987}
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Non-paraliel effeets

The discropineies between the experimental und numerieal vesutts wore initially
nddressed tsing non-parallel auslyses, Many such culeulations were carrled ont
I the seventies wnd ontly eightios, Toitial attempts woere based an expansion
procedures for example Barey & Ross (18703, Veladin (1873, Ling & Revnolds
{1073)), and were ouly sueeessfil in lowering the winimmin, exitival Reynolds
by to 500, Bouthier (1972, 1073} appeated 1o bave vesolved the diserepaney,
when he presented resulbs fn substantiol agreoment with Ross’ exporiimenta)
wark, not ouly in terms of the mininmm critivel Revaolds inabor but with
regared to the albmouent of the ontire neutral stability curve,  Gaster (171,
in a profowd shady, exprossed eantion about many of the mothods wsed to
fulor fustability fu souspuralicl methods, e prosented a different approseh
aned eakulated s wove conservative minimun erdtical value of 480, Thore the
ntatter stood, mad cansegent [y novunher of fethor spproiehes weee rttompted
[Haple & Nuvfede (1075), Smith (1970a), Van Stijn & Van der Vooren (108),
dridges & Morvis (1987)] which all vielided pesalts seatiored somewlhore hotween
the dower limit of Bouthivr and the upper aue of Gaster. In @ boslameutal
sty Iy Posel & Keweeliam (19890, o nunerdea) shnulation of the problem
witx presented, vindicating CGoster's (1978 reslt® and diserediting the Boathier
rosult, showing it to be fortuitous. "This paper preseated sound eeusons lor
the disagreeinents hotween the anthors and roneluded that sonepavadiel offecis
weye fu fact ao! fmportunt in the flat plate botudary layer low, They aseriliod
the diserepiney with experlmont to possible ercors it the experbinentatio: . stiel{
{pressure gradicnts, efe) and called oo faether sxperdmontal work, This papor
represented o lancdmark it e wron of fat plate stebility, and hrought to o halt
the perenndal dsapreoments associnted with the particalae fow,

Ploite muplitude elfects and transaition

The previous aunalyses were assovinted with the point of {parallel wnd none
purallel) linenr justability in the pipe. The sdsequent developioent of theue
sl peeturlsations towards notslineay fpiteaanplitade states ancd faakly o
tuytatlenere has heen e sulsioet of sigovons pesareh,

The prowth and interaction of the non-lnear forne remlts o the dleliness of
Deluwionr of Huite ssplitude flows, Nonelineurity leads to suusaal beboviour,
For lsstance, flows unstable to the e distorhanees con leeomne stiable af
sugne finite swaplitude threshold (aoper<ertieal stalality), or tiewrdy stible Hows
nay beeome wistable when subbected 1 a eertain leved of Jinite-samplitude dis-
tirhanes {sulecrdieal mstalaliy).

It iy interestiogg to convdder the ltte-hnown addendumn o Dusin & Reid (1081 [1001
repreint]. wlich efutes ronpe of 1heiy own elaiyos tiat they mabe fu st book, for the case
of ponsprrallel offeets beayy dontinsnt i 1w dat plate bedary laver, They alo vindicate
tiarter's (HIT1) amalvnis,
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2.3 Steady transition

In the eise where bypass (tansition doees ot oceur, und where envitonmenrtul
disturbuiers wre sinall, initial prowth of disturbanees i« Row s initially most
certuinly dne 1o He luear prowth of simall pevtnrhations, as deseribed by Hiear
slability theory, Later developinent of these pevturbations aee nonelinear, Otlwr
efforts such as the noepavallel nature of the flow moay lave an influenee on
the stability belivionr of the system. This section considers the lage hody
of literature concerning these dilferent aspeets of teansition to tuebadonee in
stondy finwes, The wadn catvporios of Hows cotsidered here are flat pute Qows,
atld penoral pipe lows, Some of the literature for geaeral channel ows that Is
of relevaner is abso disemead,

2.3.1 The flat plate boundary layer

The Bt plate westens is swelnl fn Had i@t is the asymptotic lmit of pipe flows
toward the Judet fila Stva & Moss (1994), Aot & Mo (1994)]. The b ves
leelty profile has a well kuoven anadytie solution, as dotermined by Blasins (1908),
il iy sobtions of the reabting nonelsear equation bave oo obtainoed wing
srfous nutierical tevhnigues [Blasins (190%), Thpfer (1912), Dainstow {14925),
Gualdstein (1930), Howarth (1938)], Experhmental study of these Goundary lay-
ors wore enrried owt by Durgers (1935), van dor Hegge-Ziinen (1924), wul later
Nikendase (12, The latter juthor arcounted for etfeets doe to the leadiug
edee of the plate or from the presenee of sanall prossure gradients along thoe
plate, and obtained weasured volocity proliles in reanarkable agreouent with
the theoty,

The Blwsiws profifes aee selGsimilng, and thos e linear stability soalysis i shoply
voneerned witl w single veloeity profile. Dotailed cxporimental measurenents
of stability of thess fows wore made by Sehubaner & Skrwusticd (1947), and
later Ross of af (1970 earried ot an extetsive st of nepmrements which gave
n mintmm evitica] Revaolds winber bised on displacoment thickuess of abont
400, aned adse dolned the entire stadility curve (o e ligh lovel of detail,

Early ealenlations of the wininsun eritical (tovnokds mouhier of this flow were
winele Ty Tathinden (1029), Sehlichtiog (2083), Lin (1035) amd Shen (1954), amd
apreetd witl the experinpetal results of Boss, Unfortunately, morve aceagnte
enleulationy worsened the eorrelation: the solution of Jordinsen (370} raised
the value to 5260, while a defisitive sulation Ly A, Davey [uupnblislied, see Dragin
& Reld (1931 determine] 1he exaet valoe to he 519060 Fr this Hmit,
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Figure 2.3 The peneral nature of trusition iu wall howuded shonr flows [from
Morkoviu & Reshotho (1980)],

In pipe and other sinilar will bonnded Hows,  By-puss transition s usaally
seen i epvirowuents where disturbanees are lovge and the ‘traditional’ routes
aee slipped, This ronte to tarhulenes is posshly important downstyeam in the
ctrrent ftow, whoere destabilisation by Tnrge conveetod disturbanees might aceue,

The nhove seedions were coneeried with a ghabul overview of fnstability aud
transition, including the history of the subject. The remaimler of Lhis chiapter
i coneerned with detadled lteratwre voviows in specifie areas of ntevent for the
thosis,



CHAPTER 2. LITERATUVRE OVERVIEW 11

equations are perturbed by a general quantity and then Unenrised, were fipst
spplied to duid systeas by Stokos, Kelvin amd Raylelgh, These analyses were
diflienlt, thus lvestigations coneerning the bolavionr of simpler elassen of flows
woere undlortaken, Tlhe stwdy of the iustability of idedl (inviseid) fuids was
ivostiguted by Helnholtz (186R). Kelviu {1871) mul Ruyleigh (1880}, Here
destabilivation of thie flow was Ly purele ineptial elfects. A fondamental and
sufficiont conrlition lor iustability wax discovorod by Ituyleigh (of which Revnolds
was appareutly nnawere). He showed that a peint of Jnflection was a suflicient
eriterion to induce normal-moede or Huear instubility in a tlow,

Tt was ouly mueh later that we sisnilicant mins were mode in the understand-
Ing of the viscous problem. Ore (1007} sl Sommerfeld (1908) developed the
acelrimed viscous stahility eepration - the Crr-Sonuporfeld equation, whivh fully
deseriles the luear stability bebaviour of parallel shenr llows, This eenarkalde
cquation haw beeu the subjeet of investigation antil the present day. Heneistie
metheds of approximation were wsed to obitain approximate solations to this
foneth erder difforentiul ofgenvalue cguation, but with the advent of mnucriesl
compitery, aceuraie selution for eortain types of fow systemws have hecome
available, Lin (1055) contaius an exeellent sumuary ned deseviption of Buear
stubility,

2,2,2 Secondary instability and transition

The lincar instabifity mechanism diseussed nhove I8 concerned with the starting
point of u series of changes of state, or trampsditions, of the flow, pos=ibly lead-
ing 1o nbmlenee, Very rocontly, stieeess lhas been achieved o the numerieal
sludation of wost of the trausition process, The mechaniims aned procosses s
volved have Deen disenssed by, suonge others Bayly et al (1988}, and Sandhatm
& Kleiser {1992), The latter authers lave presonted detadled deseriptions of
the conplicated even's Iading finally to turbulenee in the coase of chanoel lows,
Thus du genoeral the mochonisms of the fnll transition process to turbudenee frna
fufipitesimal disty echances sre gquite well wuderstoad, Herhert (1988) prosouts o
thorough review on the subjeet which fw still releeant today.

2.2.3 DBypass mechanisms

A ot of wark has been done on what are tepmed bypass mevlianisis in flnid
fows, wheve the pradnal sequential hyeakdown of the Qow s not seen, ut rather
transitivn to turbudenee ovewrs suddenlss A sunuuary of tie genoral transition
procesy, s given n figure 2,1,

Thig figwre serves 49w good deseription of the caerent anderstanding of teansition
as nowhole, The elassiend gradnaf ronte deseribued In soction 2.2.2 i shown in
the wtiddle of the Ligare, Cousideration of the Weft-hand path bn the diggeam
i uecessary in the envtent context, beeause it is o possilile ronte 1o tuehulener
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ihe nowlinear sued fintte ampiitnde studies in this chapter; not beeanse they ave
unimportant® hut rather hecause the emphasis of this thesis is on the imdamon-
tal pature of aceelerating flow. Although a (injte-amplitude stuay of strougly
necelerating flovs wonld be of great henefit to the subjeet, it is o topie for lnier
worky for now it is more fnportant to extablish the bosie hebaviour {mathe-
mution] framework, base flow vaviation and Hnear stability) of these uukuown
flowvs Before tackliug the more complicated phenomena such as the lator stagoes
of transition.

Tor thix renson the disevssion ou fluite anplitude effects giveu hiere 35 more of
an ovorview of the subjoet, diseussiug the phonoiens amued wechanisms ratler
thin 1l methuads of solution, amd reforences are giver to other more detailed
deseriptions,  Although an analysis will not be caeried out, the experimenta.
tion will cortauly he subject to folte-amplitude effoctss thug kuowledge of the
mechanisns s fuvaluable lor the expoimental pact of the study,

2.2 QGeneral overview

Tnitinl buvestimations jote the nature of transition were made in the 19th contury,
nofably Ly Kelvln, Royvlelgh and Reyoolds, Reynolds (1883}, in the now fhmons
sories of pipe transition experhnents, studied the nature of the transition procesy
in great detadl, and many of the features noted by him ave still the source of
Investigation tods» Reynolds” contribution to the Aeld wag acknowledged by
namning the law of similovity of lnid flow he diseover aftor Linn This law states
that the belaviouy of Qolds i governed by the ratio of the viscosity to the mean
velocity and characteristic Jdimension (e, (Ua)/e) alone, aud that fuids ot
the snme Reyuokls manber woakd belinve in the same way, e discovered the
existonce of o critival Revanolds pumber above which teansition to turbulonee
oeeitrrod in the pipe, amd that this valne inereased as the levol of disturbicee in
the inlet flow deereasod. Reynolds measured o eritical Revaolds munber of 2300,
bosed on dunetor, Mauy studios fof. Barues & Coker {1905), Schiller (1922)]
liave sinee verilivd the existence wid behaviour of the eritical Reynolds nuwber,
It the case of plpe Qows Ekman (1910) nmintained lnaninae flow up to o value of
40 000 et on diametoer, wing very smonth pipes and earefully tailored inlot
comitions, On the other L] nmerons expoviments fsee Sehlichting (1079)]
making nse of voughened pipes ad distughed indet conditions have vesulted in
the minimum vaine of thiy parameter being dotornsned to bo about 2 000,

2.2.1 Linear stability

Mothads for analysing the vuset of instability hnwve been availalle sinee hoefore
Roynolds® famons experlments, The wethod of wermal modes, where the {fow

VPNese mechanisms are indisprtably nnd fenduaentaly importast in wy transition provess
by ddedinition.



Chapter 2

Literature overview

Consideration of all the studies in the lterature direetly involved with the suliject
of nonsperindic nusteady transition woukl yickl only o smnil munber of works,
While these nre of craeinl iinportance to the cwrent study, the consideration
of the browder aspoects of transition in wall honnded Qows v veeded, sinee ay
fundamental stwdy of accelerating flows s an extension of, and will contain
agpeets of, the hehaviotr of alrendy known ad widely studied systems,

This chapter fivst presents a graeral introcduetion, wheie literature concerning
the histovy of the study of flaid weelinndes is helefly cited, Theveafter stucios into
related subjects concerning fustability and transition in various inportant flows
are given, Finolly literatare of diveet interest is cited, mul iis lmportaus pspeets
disenssed. The litoraluee suevey prosenied here 3s in effeet a broad overview of
the entive field of study, and doetailed litorature reviews are pleen throughout
this worlt, in 2 move loeal coutext,

2.1 Scope and ecmphasis

This chapter presonts literature of fmportance to the study of trusition in
flows lu genernd. Ax this represeuts the background agaiust which the enrrent
study doveloped, the relative omphasis of the topies is this overview roflect
the emphasis of ihe study, Tt s primarily coneorned with the flead serhenical
aspects of the study, Detalled survevs of mumer  teechndgues or LDV measaving
methods ave yestyieled to the chapters in which they appear, to avoid elistteving,

Strong etplinsiy I placed on the factors alfecting the Maear stability of flows
in peneral, sinee o wajor portion of the study coueerns nstability. The vart-
oy rosults for dilferent tpes of ftow system ure importaul, becanse they may
represent Hmiting Delmviones of the cuerent study, Anosther importaut reason
for o leowd sugvey amund the ropion of luterest 39 to Mighlight the acute nek
of knowledge about accelornting Bows, Ouly superficial attention is given to

{}
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gined from the poalysis, mul compatison betwoen the two are made, The con-
clusions fehapter 20} and recommendations [chapter 21 conchide this component
of the work,

1.3.2 Presentation of raw data

Maoden developinents in data acquisition and the tremendine inerease in cone
prter power in recent yeurs led to huge quantities (/= 500 megabytes) of raw
data belng pathered from the current study, With sueh quantities of datn it is
innpproprinte to preseut the basie raw inforumtion, becanse it would span wany
volwaes, Thus, in keeping with modern developments, this data is prosented
hore in digital Form, as a CD-ROM ineluded in appendix 3, This allows fult
‘elosure’ of thie thesds while not sacrtficing eonpactnesm, Thes the so-called ‘raw
data' that s presented graphically it the appendix is in faet semisprocessed ine
formation, el redueed in gnuntity from the actunl raw data; and is given for
the salwe o2 convenionce mel yuick reference,

1.8,3 Data processing and modelling tools

It is eustowary for the applied mathematieian to use standard programming
loangunges, such ay FORTRAN or ¢, to develop the numnerical simulation cade
of their stwly. Conversely, in the realm of data processing, use is usually masle
of sproadshect packeges (Lotus 123, Microsoft Exeed), ovr of stamd-alone code
dosigned spoctl «lly for the purpose. However, bs the present study, s shugle
tool was available that embraced all the above facets of experimentation and
analysis, and s such it deserves mention,

Botlt the solution of wunerienl problews, and the processing of the experimental
data, was achioved ustug & fourth generation matvix language colled Matiab,
This product is a symbaolic mateix tool with multiforious uses, Ity officiens amd
powerful matvix menipulation engine allows simple coding of, and solution to,
the numerienl problems in this work, On the experimoutal processing side, lnrge
sots of data could he nccomuusdated with ense, while the extensive numerical tool
ke simplified data processing considerably, Itx platfomu iclependence allowed
processing to continme ou u desktop PC, o1 by using a powerful UNIX computer.
Mutlal is available from The Mathworks, Natiek, MA (USA), or they can be
contaetod vin copnil on the internet at supportémathvorks. som.
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The introduction

This is the current part of this work, including this chapter and the general lit-
erature survey of the followirg chapter. It is conce;ued with sotting ihe context
aud justilving the stucdy,

The experimentation

"Thiy section starts with a discussion of the LDV neaswrement method Jehap-
ror 3}, Thereafter, the developurent of the experbuental apparatns is given, and
design and construetion of Loth the physical (fow rig) and control elements of
the systom is prosentesd [chapters 4 and 8l

The prelininary expevimentation follows ju chapters 6 sud 7. Final experimoen-
tation aud the resulting data are then given in the final two chaptora {chapters 8
ane 9], The resultr of the final chupter of this paret ave iuteresting, and leading
from this it Is natural to seek a math antiesl explanation for their sppearance,
Thiy leady to the analysis,

Tha: analysis

The flust chapter jehapter 10] of this part 1s coneerned with addressing the jmath-
mnatienl problem of the wnsteady fow. This is necessary due to the lack of a
unificd basts for analysing the problemn of unsteady fluid belinviour, The next 2
chapters [chapters 11 amd 12] are concerncd with the development of the numer-
ieal methodology uecded to golve the derived relations, The method is vorified
by applying it to wrlows prototypel luid dynamnies problems in chapler 13, al-
lowing comparisous to be drawn to existing vesults. Flually, the solutions to the
main probloms at haud ave prosented in chaptors 14, 13, 16 and 17,

The overelkting philosophy of approach in this work was to verify as mieh as
possible every tool used to niderstand the problem, Becnuse of the many un-
known facrors in the research, sosting of the tools on kaown probleins was taken
as being vory buportnut, Confinuation of the acenraey and applieabllity of the
chosen methods allowen vonfideuce in the rwrlts obtadned whoy these tools were
applied to the wuknown problets,

The synthoesis

The two prececding ports - experimoentation awd analysis « were esseutially par-
alle] investigations of the satae phepontenn, The Gest two chspters of this part
Jehapter 18 aud 14] re-exsmine the experimental data in thie Hght of sights
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(vi) Agreemient of the experimeniation cith theory & important as a verifi-
eutlon of the verneity of botl, Dispastios wonld hulieate deficiences in
cithor the speasuremeuts or analyqs, tlas prompting frthor research in
search of the eause, Since tlere sweere iwo olements to the muerical stucy,
there wore two poiuts of cotparisou: the base flow vadation ad the ocr-
curretee of instability in each systemn, It was decided to design the basic
experimentation fu order to allow oxtea dion of the two *kinds® of data, in
orcder to allow easy comparisen,

(vii) In the case »f a lack of substantinl agreement hetweon theory and ex-
pesimont, a likely cause needod to be found. A lack of agresment would
indieate othor wnknown moechanisiws to those considoered in the analysis,
thus indicating the way forward for further study,

(viil) In general, it was hoped that the accelovating resnits wondd be extensions
of the simpler immulsive pipe How case. Varions transitional events were
iddentifiod in {hese Hows Ty Doth Moss (1985) il da Sitva (1090}, and
the oecarronee of similar phenomens in the accelerating flow was to he
investigated.

(Ix} The verilicution of the shape parauneter as o means of uniquely quanti-
fying the velucity profile [da Silva (1990)] and stability behaviour in the
extended ease of aveeleyating flows wax to he luvestigate.,  The use of
other paramete  {e.g. displacement thickness) for flow quantifieation was
to he considered.

1.3 Structure and philosophy

The genoral layout of this thesis felf natureatly into four parts: the introdnetion,
the experimentation, the analysls, and fually the synthesis, The arrangement
and general content of vhexe parts ave disewssetl hero, outlining the reasons fov
their chosen avraugement. Thereafter, specilic isswes of interest concerning the
struetvre ave discissed,

1.3.1 Layout of the thesis

Both the exporimentation amt utterieas stucios showed phogomena whick, i
isolation were fairhy novel, and the ovdering of thiy thesls represents an optinunn
way of explainiug these oventrences, Broadly spoaking, the pare of thisn work
nve ay follows:
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3.2.4 Signal processing

The sipual from the photonndtiplior, s shown i ligare 3.9, needs oxtenstve
processing to extratt a frequeney value praportional to the velocity. Aw it stands
iy the fignre this siguad consists of o low regueney pedostal combined with o
hinh frogpreney superimposed wave. Fipnre d.0 shows the Fourier eomponents
of the sipnal from the former fignre,

pedestal signal
signal
power
hiplass ok pass
filter fl]lerp:a
Trequeney | Jo
L flherenge L

Figgnee 3.8 The signal from the anemmneter photomltiplier shown in the fre.
quency demain.

Two luwie wethods of prosessiog this sigoal to attadn the fregqueney ave avadl-
aldes micasuring feinge spueisg i the Hwe dowsdn or position of o sgoal peak
In the feequeney domain, The ability te provess the LDV sigunds usug the lagter
prineiple is o oeent movation in the Beld. Ouly nuits hased on the foraer prin-
eiple were available, anel as o resalt onky the frmer method of sigua provessing
wil] ho disenssed Lelow,

Shnply b, the incowing, sippal Hpaee 3.22) i subjected to & higheprs S,
whirh removes the pedestal componow feone the signal, Noxt o Jow passefliter is
iplied which retoves any high frequeney noise from the sigaol, Thiy sequenee
of events s aosongtrated fu Qe 8.5 A theeshold leved i applicd to the
resttltingy signnls aned the feequesiey ot wlhiich the sipnal sgeeeds thiv love) for a
seb iy of eveles i registered, "Thiv regpeney eats then e cotvertad jubs o
voloetty vilie using equution (3.1%

It the current systons (Wi process wiw ewreled out by a counter sapplisd with
the velocimeter cqnipuent. ‘The Hlter aned level settine could e adjusted via
dinds ou the front pauel, wnd the Bogeney ottpue was availieble vin a digitad
copnectar ot the Dot G,
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In srder to mesure stroug signals front Jow power luser Boass, the recebviug,
apties can be placed on the far sicde of e G, alipued (oi-axis) or nisalipaed
(olfenxis) with the ransiniteing opties, Tt is preforable to Lave the eeoeiving,
unit slghtly misaligned foom the pritnary beauns® to inerease the sigialtosnoise
rath, This arranpomoent. is termed a foremrd sealfer systo,

At alternative te shis is U beek seatfer aprangemont, where the weeiving anit
is plieed on the sone side of te Qow as the teosanitting cotuponents. “The
st cotmiay lyout s for the receiving compotients to be incorporated inte the
trananitting optios, Hero, roheeted ight i passed back throsgh the trapmanittiog
lens, refleeted off a mfrror «the transmitted Beams pass this wirror on eithor
side) aned forused onto the pliotosaltipfier, This method yoguires higher pover
transmitted buame for the sane sgual power ax the forward seatior nuthnd,
Indd rosults fnane intepval arrangoment.

A wajor advantage of the on asis backeaatfor nabl B that the refloeted light fol-
Jows el the sone optivid path as he ficident beins, thus eprieal refeaction of
the bemns through Buidswill interfiuees kovaneelledd ont ' duving tae et path
of the velfeacted light, wul s Gk peceiving, auit srating comstantly foeeed
ot the wepsnring voliune, This is not penerally the spse with o forwed seattop
wnits moveent of the (empauitfing, optics nsnally reandis i the whadignament
of the receiving unil.

3.2.3 Sceding particles

The generation ol w Doppler sipnal yeguives that o seeding perticle pasa througly
the mepsuering volume, Seeding paeticles i the flow are either present natiurally
{dunt), or nmst be added to the ilaid, The preveguisites for o seeding pasticlo
are

(U Thew shonld be Biphly redlective, vefvacting or reflocting the incidont lght
strotphe

(i) They shoudd follow e underlving nid suotions ax cliealy as s possihle,
Thns thew showl] posedss o vitmilr density to the Juid,

(i) "Uhelr vize neslds to he eprivalent to the (inge spacher in the measaring
volme, Plugerson of af [H80) contalng an exeollont dsenssion na pacticle
sizing,

R practive, other ellvets, suel as toxieity need to be consiored in the choiee of

pirtielens, Iu the current systens, which wsed water o the workiug {lnid, evenly

slzed (05 g} sdlivon carbide particle gave excellont siptal propoeeties,
”""I;l'll"priumry Devaue poeesiug, et theemtehs the ek of the flow de it casey the v° iy

inforsation, aud ae wadlv wllowed to dispeese ot Tar aurface, Thoer imtefseeliog we e
plistenstlingler wilk simply swamp ie sipnal carsied by sefeacted light.
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3.2 Aspects of the LDV method

The above description of the prinviple wlhierely o dual beam LDV aperagss wis
v it natwre briod, and the wser is referved to aoy of the extensive number of
refeveiee works available on the sabjeet [el. Duest of ol (1976), Draiu (1977),
Duelhwewe ef wd (1979) Fingerson of al (HI8D)]. In the sections that follow Lelow,
speciil + wspeets of the weasureinent Instrnaent aned proecdure are consddered,
especfally those pevtinett to (e enkrent experbaentation. A peneral selienntic
lavout of a typival dual beam instrnent is shown in figave 3.3, illustenting the
varfous prineipal components,

Tieam Stop Foeusing Lens
\ Photodetector saldo reemving Tenn)
Bragy Coll 3 G{' Ficld Stop :
Hams “z‘)-: ‘n;l ‘ s 4:’. = = n:-u: "\\‘
-.‘l '—Jm“- . i A " —--.-.: J: ! !I . “.;I:::?z"‘“ I"“'*"’?“‘:w"ﬁ
2 R R I L e

1
Polarization TP =r.==_m=4

Rotators  DBeam v Deeriving l|3e.1m
Sphitter L Assembly Hpacor Toam
- Heum Bxpondoy

Btoering

Heam
Collimntor

Pimtre 3.4 A schenatie ropresentation of o dusl beam, back-seistter LIV, show-
ing; the prinvipal components [from Finpgoeson of el (1989)),

3.2,1 ‘Transmitting optics

‘Phie function of this slsassmbly s simple (o split @ ser beaw into two equad
strougth covponents and then to allowe thew to ceoss, Beam splisting I waally
neltieved wdug o peln avravgement, sl s precisfon gronud leus ionked to foeus
the b ab o poist. Other romponents, such e bown expiudens, poletisiay
filters wnd the Jiko, eun b ducorpovared, but are uot esicntial to undorstanding
the Yumie operntion of the aystem,

3.2.2 DReceiving optics

Seattopod figlt Py particles i the hema evossiig point ov measasing volnoe i
foensed throngh o lens arvaupement, and suto the aperinee of & photo-detectar,
whtere the opiical sipind b convertid into an elocteie sipnal, Sines el sents
toreel pamlomiy by pascing, ponticles, the divection o whick this gl s gath-
vred ean be cherged wr wille “Uhe paint Frop which the fight i pathersd has o
strong ellfeed an the strenpih of the mensared signal,



CHAPTER 3. LASER ANEMOAMETRY 20

Pigwre 3,10 Thoe beam crossing paint i a duel begn LIV system, illustzating
the measiring volune il Frigges [lrom Fingerson of el {1959

which thie particle pasas thirengh e briglit feingoes s divectly proportional to
the voetor cotnpenent of veloelty porperdicnbay to the plene of ehe feinges, If the
roefrnetod signd is measueed usiug o photodetector, then o wave pattorn like that
showi in figaee 3.2 will e mewowed, Here the frequeney of the wave pattern
in thix wipand s divectly proportioual to velovity, wud I= gliven by the relation

b “.___.;"__f__,._._}__.m ¥
T Wity @)

signal
Yolts

 time
Fipuee 8.2 The weasured sipnod frow o dnal bemn LDV,

Here F is the froquency of the sipual in poee 3.2, A i the wavelongth of the lsor

Tty & is the beam halfanple (see figure 313 aud U is the veetor component

of voloeity thromeh the mewsaviey volwe, peependiealar te the plane of the

frinpes.
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Tl 1OV moethod on the other hawd terely intepsocts two bentny of laser light
~ithl. the How of intetost, sitaply vequiring opticnl access to this flow, thus
stk dving the requiveenrt of non-dutrisivenost where the hotswire probe fuils,
The tewmporal aud spatial rosolution of the LDV ave canivalent to the hot-wire
probe [Teitgeu (1975}, although Guster (1980} expressed donbits of its ability
to pesulve Huetuations boelew the order of 19 of the mean veloeity, Further to
this, it i i eowmple: ely Hueer device and 3 thus supezior to the hot-wite systom
fn thit it requires ao calilcation, The historical development and principle of
operation of the LI are botlyinterestig aud eineidating for nuderstanding 1ts
strengtls i lamitations, aud are Lyiedy piven helow,

3.1 Principles of operation

The fuser velovimetry wethod was inftindly developed by Cuamenios, Kuable &
Fob {1964), und fust beenue populer beewnse of it avenraey and non-intrusive
uattve,  Tho varly systems were what i knows o referenee bram spadopm
Ty Mght was split inte two unegaal strongtl beams, the move powerlul of
whivh wax diveetod thvongh the How while the seeond wenker beam was ddreetly
inrident on a phota-doteetor. Light feom the peimary beam, refeacted from snull
paeticles moving with the fow, was also incitdent on the photo-detector, pml the
sall difference iu freguency due to the Doppler effoct was measnred my optieal
heating” ut the detector, the Trequeney of the 1eat being diveetly proportional
tu voloeity,

The reference hema setenp was nuwieldy to s, aued this resltod n tie devel-
opent of the deal beam systonn, Ilore, w slugle Taser souvee b aplit into two
ceprad strength bsur beams, sl these ave utemsectoed i the dow ot the polnt of
interest, At this intetsection, fiiuges oF stunding waves are set up, dite to the
eoputructive kil desteuetive intorfovence of the eohoreut heams of light, These
brelght wid ik Dinges take the form of phaes equally spaced throughont the
lasey erossinp polnt or measaeing voluwe, Although the doel bewm setaup doen
e eniploy .0 Doppater olfect, the nome LDV (or LDA « the *A” for anetnones
tor) has remained. Flgnee 3.3 iluseeuees the bea evossing aud the appeaviiee
of the measuring volune,

The spaving of the finges shown du the figuee is depondent ouly on the heam
Interseetion mpgde and the wavelength of the Bght. St purtieles i the How, of
the size of tle inge spoely or sanaller, wills ws they piss threngh this measaring
volne, releact lipht whose iutensity vavies o brlght to daek secovdiup to the
particle holtig positioned within o il or daele fringe, Cleandy the wafe at

Tntoroutingly epouglt, o serivs of exprerinents By Cooper o6 al (1085) on ivstabilitios in
muteieky TavlogCloanette Bow showe] that the intrusion of the leser consed loead tramsition
neathby, The mesd probable exploation foy Usis win tlut, Beewnse thiv wan o clesed systeng,
ring, of i was cotinuadly being Deated by energy from the Taser ia the time before raition
orenrred, thas medilvdup e flaad propettios lovatly weed initintig tie daznition pracess, faa
gl veloeity, opeag syatens (g Bow), no tepeatind heating oveika ated the elfect is aepbipible.



Chapter 3
Laser Anemometry

The primary flow measremed deviee dsed o the experiisantation was the
Laser Doppler Velochiweter or LDV, seloctod w0 of the lnnate advantages
it hofds for the weewrate weasurenent of highe,  ardable flows, In order to best
nucderstntid the wdvantapes aud Bmitutions of the LDV, it s necossney to give o
Iwief desexiption of fts prineiple of opeeation, Specilie peints relating to the use
of the method relovant to the earyent study ave alko disenssed,

An kleal smalytieal How monsuremont doviee i one that hay the follewing broad
vlharacteristivs:

{1} It must eanse the minhum possible distarbanee to the fow heing moeas
knresl,

(i1} The sputind extent of the measarement doviee st be sl enough so
thnt 1t can tesolve e suadl-seale spatial steaeture of the low,

(Lit} The juertia of the unit nawt be low cough so that the deviee van traek
aeervately the tomporal vavlation of the fluw, fo, it must possess o high
Teeamoeney yespanLKEe,

(v} The deviee slonkl slow stability o 1k redings, so that repeated ealibras
tHon i nol neerssney.

(¢} The slpnal-to-noise vatio of the device should be bigl enough so that sadl
seale fhuetuatons velative to the weun veloeity ean be resolved,

Doviees vonnoniy nsed fu the past, saeltas the pitot tiabe, do ot satisfye all the
points Hsted above. For fustanee suely o device is Ty ity nature infewsive, The
sonsitive wensurements veguidred for transitional dows have usunlly neeessitated
the e of the hotawive stignomoter. Thix deviee has high temporal and spatial
ressiuitfore wied pood sipnidste-noise ratio, but iy nlse intrusive ad veguives come
Mieated entibyation provedures beeause of the strong non-linearity of ity outpat
signul,
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Preamble

This purt of the thesis presewts the experimental investigation into the genoernl
Lelaviour of strouply aecelerating fows, The indtisl chapters deseribe both the
dovelopauent of the nevessary infrastenetnve, wind the disenssgon of the mothod of
meastretsent. In particalny, these coneontrate extensively on both the plyvsdend
tenterig developiont, it the aequisition and coutrol suftware ymtenr. The pre-
Tninary testing is Hen deseribed, leading to xome initial results. By considering
these prelimmary dida, the developineut of ihe data acquisition and processiug
methmlology i showa The megsneed resolts are preseutod in the final chapters
of this part,



Part II

EXPERIMENTATION
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Bouathier {1972) gave au asyinptotic method, applicable ondy in the Bmit of vory
Lk aceelerntions,

Mouss {1091} presented au integeal niethod for the sfudy of the variation of lan-
inar flow in pipe fow fr from the nlet. 1Te defined an aceeleration parameter
o ili'{g;' which arose naturally from his analysis and was identical to the sta-
Lility pavaueter of Shen {1961). He diseovered that for inero wing aceeloration
purasneler = he tered ity the veloeity proliles dld not approach the parabolic
limit Tt vetained a lower centreline volority and higher wall shear atress, The
eride nature of hix lutegral approach, combined wiclh use of the houndery loyer
thickuess & e presiuetor, did however hitroduee an error inte his resules, lowd-
ing him to notice a discontinuity at the acceleration where the houndary Iayer
merged. Noverthele s this important paper futrodnees soine clear imlicstors of
the expoeted trowmls D, weeelorating lamiuar Dows,

Bxporimontally, van de Sande ef ol (1950) measnred velocity proflies and point:
of transition in u pipe flow deiven by o constant pressure geadient.  Althongh
not t highly nusteady flow, it nevertheless strietly belongs o this eategory of
Py, rather than those of seetion 241 These results showed an inerense of the
trans tHon Reyuolds aumber with aceeloention,

Lofelvre & Wihite (1989, 10491) proseuted experiments on constant acecleration
plpe flow, wud noted global transition everywhere in their pipe, similar to the
initial transition of Moxs (1985}, They noted a monotonie evense of the eritiond
Reynolds bamber with accoloration, Thoy ouly took messarements at o single
far~clownstream portion of the pipe, and only presented thming corvelations for
their detn. Their acceloratious were snbstantial, and their highest observed
transition Reynolds mamber was 1,1 % 10% They achieved goad correlation le-
twoen the results from thele two sets of tests, each conducted nsdng o differont
dlnmeter tost section, mdicating o lack of tig-lndependence of their data.
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were identical in strueture, da Silva noticed an inerease in his measured eritical
Reyunlts munber with acecloration. He was not interested in generally aceel-
erating flows, and the vecurvence of acceloration was incldental, caused by the
poor response of his vig at the higher flow rates, He did try o explain tlie effect
of the neeoleration, but the sparse nature of his dats in this it allowed for no
more than hypothesisiug,

Moss andd da Silva (1993) gave a santuary of the vegions of stalillty and insta-
billty witlin an fopuds! cob < arted pipe, They showed that for early times the
entire pipe was momentacily mstable, while in the steady-state limit only the
region uear the inlet remained linearly wstable,

2.4,2 Non-~periodic unsteady flows

In these flows, the mean flow rate of the system changes in an nobouuded
wauner, s these systems could be deseribed as Reymoldy number varying
flows,

The wsost profound stuedy to dute for such flows was possibly that by Shen (1961).
He preseuted o theovetieal deserdption of the effect of temporal acecleration on
an inviseid udd with selfsimilar velocity profiles, of the fov IF = T(¢/10)0 (y).
He veasoned (hat o good description of the {flow stability would be given by
delining the coneept of mementury stability. For instance an aceclerating flow
with growing disturbances is momeatardly stalde if the rate of increase of the
haxe How is greater than thut of the disturbanee, He quantificd this coneept
Ly uslng the ratio of the kuoetie enerpy of the disturbance to that of the hage
llow; thus mowmentary instability ocenrved when the kinetic energy growth of
disturbanee exeseded that of the base flow,

For applicable flows, Shen fonud that the eriterion for nutability was not whoethoy
the hmaginary component of the disturbanee eelovity was groatey than zero, but
rather that it oxceeded 1o valne the torm

1 f“r\m

Tf:;: dt

{2.1)

whiorve [y is the mean veloeity, Thus iy general he theordged that flows undergo.
it aceeloration wonld have higher eritical Revnolds numboers than steady ones,
Leenuse af the shriuking’ of the noutral stability eurve due to the change of Lthe
stability definition as deseribod above,

Coursd & Criminale {1965a.b) wsed an energy wothod to nadeestand the st
iility bebhaviour of generally nwusteady luws, However they only gave sulliciont
eonditions atul bowwds on parnmeters snel as the Reyiolds mmmber. Unforty

nadely, this approach ean lead to the esthuation of very wide hownds of sudi-
vieney, Leeanse of the broad nature of the enerpy mothod,
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2.4 TUnsteady transition

A pood deseription ol the eomprehension of seceleenting Hows is given by Ieazin
& Reid (2981), They make the statement that ... et His stege salisfectory
wiethods of finding the stobility characteristivs of generel unstredy basiv flows
hawve stdl to be found, Since 1981 little has hoey adiled to the wderstanding
of this topic. Consideration below i given speeilically to non-oscillatory flows:
systonms with periodicity have nulque mathewatical propertios, and analyses of
such systents take advautage of theit speeial aynuuetry.  Unfortunately, these
moethads of analysis ave not spplicable to more general unsteady systos,

2.4.1 Flows with stoady Howrates

Flows {n this category hiwe unsteady flow felds, but are steady in the moan.
Thix weavs that the driving or boandary comditions roadn cotstant, awd the
nnsteadiness ix arsoeinted with the developent of the internal velocity Hoekd,

The impulsively starded pipe tows of AMornyama Kato & Migashina (2977), Moss
(1985) and da Silva (1996) wore of this category. In all cases flow was searted
front rest to o choson Reyuolds number, and the wsieadiness was sssocintect
vith the doevelopment of the houndary layer in time, while the mean flow rate
remained constant, Moruyaumna of el wsed o Lighly distuehed falet, aud moni-
tored wall shear stress and veloeity profile shape sinmltancously,. Moss (1088),
in a predominautly expeviniental study, used only a single wall monuted probe
to measure the wall shear stress of o polnt several Jmndred dinneters down o
smooth pipe with disturbed inlet conditions, e mensured two distinet tean-
sitionnl eventx, At emdy times the Bow becane turbuleat, this being possihly
aseribable to local instability of the developing profile. After a reversion to lamn-
inar flow, suothor turbulent transition oerarred, Jae to conveetion of disturbed
flow from the inlot, The severs Hinitutions of theie results (a single wmeasur-
fug station) was unfortunate and did not ablow any ealentation of for Instenee
the rate or divection ol wovement of the Geet teoisitions”  vont. Moss also in-
trodueed o conveudent pornueter to quantlfy the houudary fyer - tlie veloelty
profile shape parameter = which was situply o dimenstonless wall shear stros,

da Silva {1980) experimented with impulsively stacted fows, but he wtilised o
siootl ndet and a shoeter aspeet-ratio pipe than Mess, He did not see the cavly
ovent, possibly beeause of the redueed leugth of his pipe, and the secowd cvent
of Moss was alwent bevinse of the laek of indet disturbanee, e did however
vhserve the occureence of a centreline *spile’ within thie developing pe flow,
wihlel evolved juto o (arbulent slug us it teaversod downstrenm, Strangely be
did not see ay nitisl bovndaey laver disturbaness holore the developinent of
this centrelive spile. The slupe purameter of Moss (JU88) was wsed to quantily
hoth profiles in the pipe islet, and thoese existing tar downstresm where the flow
wus still peraliel, hut e erroneonsly conehuded that the two types of profiles
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Pipe cutrance flows

Pipe ftows ave sensltive to destabilisation by infinitesitonl disturbanees near the
inlet only. and nite-muplitide effeets are nowired to induce instability olse.
whore [Abbot & Moss (1994)]. Many studies . ave beey carried ont to deter-
mine the stability behaviour of the pine eotrawce to hoth axisyinetrie acd
upn-axisywnetric ssall disturbanees [Tatsami {1952), Huang & Chen (1974,
1974), Clarg {1981), Gupta & Larg (1981), da Silva (1990), da Silva & Moss
(198:8), Abbot & Moss (1094)], und neutral stability corves for the inlet wore
proseuted In most enses, There lns been until recontt  no substantial quanti-
(ative agreement between nuthors, ‘e earlier works [Lutsum’, Huang 8 Chen|
were bised ou approxinete pipe entranee hise flow models, which were knowa to
e fuaceurate. Garg (1981) userl au aceurate base-flow approxination, but the
lator al apparently more acenrate ealenlations by da Sibva [da Silva (1900),
da Silva & Moss (1994} disapreed substantiolly with his data, However the
results of Albbot ¢ Moss (1994), obtaiued using a spectral approach for Loth
the base-How and stability anatysis {da Silve used a finite-difference techniqun),
showed almost perfeet aligament with the data of Garg, This fluelly clearad
up the coutroversy smevounding the matter, vindienting the Gavg reuults, nucd
showing da Silva's analesis 1o e tlawed,

The only experimeatal study to date ix that by Sarpkaya (1975), whe studied
the effeet of both axisynimetric and non-axisymmetric small disturbanees. The
theoretieal aud exporimental results converge towards the inlet, but the sgree.
;ent wanes downstreant, with the two datan showhng different trewcdy in this
limit [sec o Silva & Mosx (1904)]. In the light of these results it seemy that the
deseription of pipe low stalility is Incking, The dilferencen nre sint aecounted
for by non-parallel effects [Ahbot & Moss (1994); also sve the earlicr discussion
of section 2.3.1], which in fuct diminish rapidly sway rom the inlet. The only
vinhle eulprit s finite-wnplitnde offects, hut conelusions cannot be based on a
shugle set of experiments and far more expevhentat work needs ta be nudertaken
to resobve the dilomme,

While no wurk Das heen dowe on the lnite-amplitade response of pipe inlet
flow, there have bt o smuber of studies of buge reale stoneturey within pipe
fow. The appearnace nud growth of pudlic and slugs withie the pipe have beon
fuvestigated in some detail [Lindgeen (1060), Wygnnueli & Champagne (1978).
Wypnmwki of al (1975} Rubin of al (1979), Teitgen (1079)] while related stud-
fost [Wypnanski of o (1979), Gleser of of (1989), Ktz of al (1990)] oxist for
gerueral boundary lavers, Chese phenoueena in pipe fow are possibly ssociated
with hy-pass meclanisms [Morkovin & Reshotko (1989)]. These events are asso.
ciated with downstreamn regious of the pipe, the conveetion of the nitially snall
distarbanees from the iidet catalysiig thele developinent.
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Fipnte L1 The touting feeility

4.1.1 The flow rig

The phyefeal components nsed to comtain nud (hon gesernte the expunential aned
othier Hows iy 1le sestrn wore grongsed wader the ealegory of the g, Basieally
the flow ri, consistecd of a pressuised header tank, o mesuring seetion (o oy
plass pipe), ated a0 dowasteean storage tand, Tl westom wisd optittaun for the
euerent accelerating Hows i that its operition wad nov contimgons, bt enthey
of u Tdowatlown” nature, In ovdey Lo penaeate o llow e upstrean tank bad HBrat
tn T cheged with Huld, Alter o suitable stilling pesdod o tost conld Be ran hy
allovelng, wader to dow feom e pressie Gk inte the cstement tank. Control
of the Gowrnte durving teating was Ly meaus of valves on the diseharge eud of
the mewaring, soction. Flow juto the test seetion wa kopt numshistuched by o
varelully tilovest nlet cowtvaetion. A punp was used 1o veclarge the hegeer
fank, The tip subosyatem §s inlieated i pwee 1.2

+.1.2  Veloclty measurament compoucents

Fhe vp wus speeifieally desipued for wse with o LDV, Thore was a loogo two
chaunel ‘TSL unit available at the wniversity, capalde of stimbtanconsdy aeqgulz-
ing two artheponal veloeily components within o How, 'Tue LIV wethod was
tliveumsed in deail in chigtes 3,

A atvom wlvasgtape of the LIV wetliod is its Jipl spatiad resolution; the dimon-
stk of Che meisateing voline in the current sesteti was of (e ovder of 0,0
i 0.6 b, Ty ovder to position this measuing voluane i the Dow, o trsersing



Chapter 4

Experimental system

The requirement of fexible dynuniv confrol of fow in a pipe reguived the dosdpn
and mannfacture of o speeinlised testing facdlite, comprising a long straighd pipe
(tho system o e weasured ) cetieulation svatem aid cont-ol valver. An intes
grated eompnitor negriadtion aud eontrol systemn wad noeessitated by the highly
dynamie nature of the experinents to be condueted, The apprratis was speelfs
feally desigued for nse with o LIV system,

Thix chagter deserfbes the apparatus sl it constituent parts, with spevitie
ephadds ou the design philorophy that dictated thelp straetore. A detailed
explanation of the acquisition and control seltware, writtou spevilleally for the
enrrent puirpose i glven in the following chapter » ehaptor 5,

4,1 System overview

The geed 1o gouerde bigldy repeatadide exponeitial neeolorntions: wewnt Uit su
unusun] el klghly Nexilile exporimental appuratus i to be devised, Whepeas
peneration of @ steady How roquizes o passive teat eig, with settingg lo valvey,
ety being wiade onee amd then lef swhove, peneration of o stronply vaciable
flow roquives constant dyuuntie control of the test rig asing feedback nweehas
niss. e to (s repiceaent of dynangisu, U experimentald flow appaains,
duty, arguikition syatews aud routrol components had 1o be tghtly ntegeated,
Fipare 1.1 shows an overndl view of the testing apparatus.

The entirve experinnental system cotsisted of three major elomeuts; the plivsien]
Howy pigs itselt, the wepsaring sgqnivaend, wied the datn acguisition and ilow cone
trel system, "These three companents arve linsteated seliematically o ligaee 2.2
below,  Generad befef descrlptions of these theee sabasvaloins gee given hove in
avtler to sapply a browd nnderstanding of the baske struetme wed working, of
the apparabiis, In the mnjor sections that follow this overview, s moeoe detailed
deseription of the anstitnent pavts and operation of each sylbesysiem is given,

10
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veloelty of this purtict of the Bow} but the fuvestigetion was not concerned with
turludont fluw,

The above mentioned datia simoat hitg, provess was in the entrent context aliost
antomativ, mud was in faet applied apiformly te all velocity tracew, with the
oxveption of those used to extimate disturbages intensity, In a sense the ontput
from thix xmweothing fevhnigne was treated ax the rawe data for the remainder
of this work, For this reasoi the ahove process was refereed to as dutn pre-
processing,

3.5 Summary

The LIV methiod wis shown to be bighiy advautageons for the non-iuvasive and
avenvate smeasurement of flow vndation. The basie principles of operation of the
method were ontlined, as wepe its limitwtions, The speeilie natuge of the dato
processing wev ed for nnsteady Bows was prosented, and seurees of error werse
Bipghiiphtod. The folowing chapter is concerned with the funetional deseription
of the eutire tosting appiratus, ad o detadled deseription is ghven of the actianl
LDV thiat wax nsed.
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pirametors that coneerted this teelmbygues tle tive window, the tiane inereinent
by which that window was stepped, aned the ninobey of stiudaed devintiony for
the rejection critevion. A coppuand-line ntility (SMOOTILEXE) ax well s an
interactive schonwe (LDVPROCUEXIE) was written to proeess the LIV data.
In these programs the three parspetors conld be ot amd the dista wiss thes
processed antomatically ws Tollows:

(1) The wineow was moved antil i confuined the stacting portion of the data,

(ii) The temuporal him calos oo s deseribod eplier was applied to the date;
it ontsice the aveeptanee ranpe was rejected, atud o mean valae was
calealnted, This duta valne was placed af the centre of the tne wisdow,

(i) The window was moved by an ineretoent A¢ forwaref in tie, This nere.
went was ndependent of the window sizep tht: overlapping o stapersd
window eonfignrations conld be penerated, Step (i) was then repeatad,

Tl vosudting precessod dati was ghgied wt Himes §x 00 aned comsisted of a sovjes
of ihean points, While the tiwe inevement defined the sonpliyg 2ate’ of the data,
i waet the tiwe window that alfeeted the Ieseuey eat-olf of the seheme, Ty,
nilike traditiomst sanpling, wiere the sampling rate determines fhe masinon
frequeney of the duta, heee the additivnnl facter of the e window hat (o lie
consitlered.  Cortuinly the resmltwag datn swnpled at o feequeney of f o= 1748
would neenvately represeut only those froguencies below /3, aveording (o the
welblnowy Nyguist erfterion.  Ilowever, the frequency cutall would also Le
Timited by the thne wiadow at o value of* fip 82 1/ Thus the total frequeney
eut-off Hmit of the seheme was esthaated 1o be

Jmux = min (.’:\F ;t:) . 13.1)

The thue lneromenl was sot ot A2 0T & for the entive text, The tine wiidow
wis varied, hetwoent vadues of 5, 00 0.2 8 [or the duta naed to fofer transition,
to abowt fe = 05 A for traees wsed to construet baselow proliles. Thus in the
Former the frequeney it was abiont 5 2 whereas inthe Ibter Bowis edueed
to arouned 2 e The wbove values wore chowen adter eavefil cousdderation of the
row dutn, For the veloeity prolile data, there wan penerally ve high Togqueney
cowpouents fn the low: the eriterjon by choosog these filter setthigy was to
cnstre o high data population per window, "The fnitial stapes of transtiion were
chisrnetorised by a long wiveloupth devingtion, thus the strjugent fileoriupg, impalied
liv these filter settiugs did not alias the important featares of the data, Later
tarhmient Sow wis severely alfased (e method saceessfully calewlatod the meny

e windowing (echnigue, beeause §8 mepsneed gradient, was bot wbject 1o the sepe
vriferion as i ol sarphewnbhiold preeess, It wans ontimnted (e anmericnl expenmoent)
that the techsigue stated to alius frequeneies only nhove sppresimadely 17,



CIIAPTER 3. LASER ANEMUMETRY ar

atrong tempoval pradient, the distribition of the data is ot represented by the
hatistntal paiv of nes Jmt vather By the anplot Bues pavadlel to o -0, "The Bias
i o reanlt of fncotres distebution of data abowt tle mean, For instauee the
puint (1) which & obviously far from the toae meau lies very elose to the mean
in the biased eadenlation, whepees point {39 which @ eloardy close to the 1ue
et I Gar away i the blased e wocasteulat o,

Tl extra hroscloning, of the data consed by temmporal pradient Dias han boey
cogsitleres] by Greoubliont {19800, Y in this case g turbaglone flows, ITe yoroedid
ertann an bigh as T i oebulenee ovels, The tochaigne employed to remove
(he Bl was siinilar fs that nsed by da Silva (19900, The method ean be bed
expladtieed Dy veference 10 Heare 3.6

(3 Lo o sanatl tuge winelow 4, shows i Che figare, o leaste mpures fit s made
Thvonph the datie The experimeutal poluts ave ffattened by ranoviug this
dape feomn the data, while maintaizing, U sane mean valaed,

i} The weiphted st amd standarel devintion ealenlation f4 applicd to the
flattenel data, Uhe data vejeetion eritorion of 7 standared devlations {iu
Wl vases & 3 was meed it thie stmdy} way then aeed to rejoct points
otttside e values, 'Thiv was equivalent to refeeting duta outside the
slopsed] Tines,

(i) Provess () was e repented, bat for the vedued cdata set. The contral
mesn point of the fitted mean Hue « (G.7%) in the Ggure « was taken aw
the mean value for the time window, Itx (empornl position wis taken
ax ventral i the setudow, Thus by propressing tlie window by sueeesive
Inevements S8 (el the data, menn pracessed valitos were ealenlated
st eveuly placed polpts dn the dara M apit.

3.4.3 The time-windowing techuique

A methon of ealenlsting o moving avernge wis inted at in the above seetion,
This seetion deseribes the alporithm emploved, As the vardation iy e mean
of a strougly v tie How system wis of primay concern, it was necessiey o
eitlenlate thie e of simadl, sneeessive portions ol dati, with the time ‘window®
af dite cowsidered seall enonpeb so tat the volovity vicietion within that vegion
wis elose 1o Hnear, This woving, avevage wethod wor used Ty v Silva (1800),

The Diesde mothod chesen wis to apply the temporisl correetion seheise to sue-
venstve windows in the dita, ulso omploving, (e above rejection eriterion to
remove “drop-onts’ wud other anomadies o the data, Thore were (hree basie

Tl codenfathaw te rempove e seurite Bin offect eogquire thit the datn be cortected by
it fuctor comtaining s apnitide. Tho o avetare the magpitodes of the velueity hointy ate
Bt eomntant, ig ordes t saaistan (e cornt vohwaty Bl coreeetion, Thin feetor was ignored
by el Nilva (1040},
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st be amade, and the vorreet oyuations applied, In the current contest of lan-
i sned trausitional (initinlly disturbed hosinar) Bows with high mean values
nnel small relative Quetnating component, compariron of the mean as calendnted
above with the sormal wean caleulation whowed diserepaneies jn only the Ath
significant fignee af worst, Thus althongh e corrected rquations were nsed, in
the current context this bias was neglipihle,

Fringe and fiter hias

These two effects wme not really present in the {low syetem, 'The use of the
frocuency shifting tocknigne chininated to a great oxtent the possibility of the
Klter blas, by reduciug the eelative varintion of the veloeity to the 2ero dalnm
[seo section 325 above for an explanation). Fringe bias was absent hecause
of the high veloclty, one-dimensional nataee of the Qow, alded ngain by ase of
[requeney shifting.

Temporal gradicnt hias

A predoitaut new offeet arises in (ontporally varving flows; that of temporal
pradient binw, This i sitnilie to the spatial brondening problem cutlined above,
bt coneerus the artificla] broadening of thie date in o small thee window, due to
the moean trend of the data inereasing noticeahly within that window. Figare 3.6
illustrates this offoet,

e R e

Fignre 3.6: The tesuporal hius problem and its coveeetion in LDV data provess-
Ly,

In thix ligure a small portion of data i shown, within the tme wimdow of widt)
tie This data possesses a teiporal inerease fn value, which can he approxi-
wmated by the lyear mean variation o = o within this region, Beeause of the
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8.4.2 Biar correction

The primary abn of data provessing in uusteady LDV monsurenents iy usually
to remnove e birs and broadendng, wwd to produce o resultont sed of points
siunpled at reguluy time stervals, and representing the mean vxiation of the
fiow. In order to achiove this o windowing teechnigue was employmd, wherely
sl portiom of the data at regular thnes were provessed in order to produce o
meant vadue for the interval, Corvections to the data had to be applied to avoid
any binsug of the resalts,

Corrections lor the veloeity Lina

Thore are many wethods that can be employed for corvecting the data for this
oflect, for instance spe Ditotakis (1976), In most cases the mean and standard
dovintion calenlutions are welghiod necording to some correction factor in oeder
16 remave this Dias,

A particulnly simple sehenge can be caployed i€ the flow 15 one dimensional,
nanwely the fechuique of Melaughlin & Tiedorman {1973), Iere the mean amd
mea-square Tuetuation ealewinkions ave slmply weighted Ly the inverse of the
velovity magnitade, us

N pet Lo
- Lol (3.2)

pATNE

uf o2 R L R LR 4
LR

. (3.3)

The use of these caleviations will give good results i long ns the flow reanwing
largely onecdimenslonal or steady [Buchave of ol (1979) In the present case
the voloeitios wore unstendy but highly one diimensional, This fact, combined
with tlie use of froquencey shifting, etsurod that the use of these shuple relations
vielded vorpectod duta.

Tor flows with stpnifiennt multiimonsionn] soelocity Helds, the more correet
approaed i {o nse o restdonee-time weighting toehnique [Buehave ef af (1979)),
which reguires extra formation from the LDV such as pacticle rostdenes time,
Thix duts wiy availalde B the current gyston bt wis not stored beeause of the
applicalility ol the simplor selieme,

In practice, substantial carrections to date weing (.23 and (3.3) only boeeowe
slgniffeant when thie duta vaclation becomes Inege with respoet. 6o tlie mea,
Thus in turbulent fow mecorrements, varefal consideration of the blay elfoet
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fous eanses of biak ocenrring during provessing ean be readily identified and
removed, MeLanglitin & Tiederman (1973) give o detailed explanation of the
Dasies occurring ou LDY mewsueements, The main teaditional eulprits of bing

arpi-

(1)

(it)

(i)

(iv)

Velocity bins: If the seeding particles ave assumed to be evenly dis-
tributed thronghout the flow, then measurement of portions of the flow
with high velocitios will show a preater data rate than portions with lower
velocitivs, in diteet ratio to the ratio of the veloetties, Thug becanse of
his bins it wontkd be more likely for a high veloeity reading be taken than
one with low veloeity, Consequontly the simple mean of any group of ve-
Tovity values will Do Mased towards high volocition, singly beeatse more
patticles with high veloeities are likely to be mensured,

Spatial gradient blass I a strong spatiol veloelty pradient existy acvoss
the weastring vobune (for fustancee in the boandary layer), then a wide
biand of datw will be seen, the ‘slow’ side of the weasuring volume measur-
ing o mueh lower veloelty than the ‘fast’ side, Becanse of this a lnminar
veloeity He plot [rom a veglon with strong spatial grodient can be mis-
talen fur o turhulent veloelty profile. Farthermore, a simple inean of the
tlita will Do biased towards the higher veloeities an in point (1) above,

Pilter bins: The high wnd low ent-off filter used for resoving the high
frequency nodse amd pedestal [bom the sigual vospeetively, eant also result
in the introduction of bing, If the range of veloeity variation exeecds the
acceptance band of the flkers, then /il volovities ou-side the filter range
will he rowoved from the signal, leaving only velocitios within tlis ronge.
Thiy bins ean he vetnoved ondy by the corveet cholee of fllter setdings,

Fringe blast The LIV aignal connter yequizes that the partiele travepse
a cortafn munbeyr of feinges Defore the spnnl iz aceepted as valid, ‘This
s aclieved stiply by connting, the nuonber of eyeles in the input sigual
that exceed the weeeptnnee threshold, accopting the veading only iF the
vhoxen mamber i exveoded, For particles possessing high velocitios at vight
angles to the direetion of womeoment, only o anall number of frlnges
will e comntod bofore the particle again leaves the reglon. This is hecanse
the hgh lnteral velority emmpanent causes the puticle to teaverse the
measuring volumoe by ouly & small distanee o the nomnal direetion, The
upshiot of tlis elfeet is that oudy peeticles moviag in covtaly divections will
b mensurrel,. The angle over which readings will be registered is called
the necopanee auple, Use of frogqueney shilting dramatienlly altors the
ngle of seroptenee boesnse of the Dinges moving counter to the direction
of particl s wotion, allowing wore Ijnpes to e teaveesod, T corroet use
of frequoucy siafting ean alleviate this bins, In the current consoxt, the
veloeity naturally has oovery narros angle of inchldeuce on the measiriug
volue, ol this Blax 1+ this of ue conseguence i the enrvent syustem,
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(itf) The dependence of the mweasured veloeity on ondy the beam intersection
angle and frequencey of the light results In no ealibeation being needed,
Thix allows aceneate weasurement from creeping flows, right up to ones
possesning sipersonic velocities, No ealibration is required when chonging
working flnicds, or i {luitds where the {luid properties vary. Errors can
be Introducsd by vaviable Aokl properties; for instauce if the refractive
fudex of the fluid is not otropie, in which case the heam angles wounld
vary, However, anisotropy wenld most probably result iu the beams not
intorsocting at all, thug not lowering aceuracy It ollminating the sigual
altogothor,

{iv} The small spatinl extent of the measuring solumo, comblned with the high
dynwmic response of the moethod makes 1t Ideal for measuring atrongly
varying flows, The dynsimde response iy not lmited by the instament at
all, rathier by the seeding particles, the eviterion heing that these particles
follow the flow variation aceurately,

Despite theae strong nedvantages, as with any instrnment, care must be taken o
its tse, In partienlar the LIV woethod ean vield vory poor eadings if the operu-
tor shows a lack of nnderstanding of the basie prineiples and pitfalls Inkerent 1o
the method, In general the LDV can be treated ng n ‘Dlack-hox' wessuring de-
vice, hut only after cavelul setting up of the system (beam aligmnent, frequency
shifting, fleer settings and =0 ou) to matel the current flow configuration, Poor
judtind seteup will requive constant adjustment to metntain readings, but careful
fuitinl acdjustinent wlill adlow a ‘point and shoot' methodology to be adopted,
This {s oupecinlly so with the move medern equipmont, whees highor powoered
Ingers eomblied witli deviees sueh an the fregquency shifiers alloviate many of
the problems assoclated with shinpher devices,

The following sections are eenverned with the specific natwre of the data gothe
ered from an LIV, and the eave that muess be taken in processing thi date to
avold serfous ervors,

3.4 Data procossing

Indiviclnal weaswrenients from 4 LIV are hipghly seewente indications of the
vedoeity of the partlele that was ineasured. This Is because of the Buearity of
the methed, Problems wvise when the moan fleid vaviation in the systemn has to
Lo extracted from npge geoups of these iudividual measnrenients,

3.4.1 DBiag

The dillleulty of processing LDV data was hinted at eaelior. The main coneern
with data processiug is the infraduction of sputious bins into the datn, V-
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simply by ntilising (e principle wherehy light bewns of diffevont frequencies
do not Interfore with one another, I a laser that emits light at many discrete
Treepaencies is nwod axs the powoer sowree for the appavatuy, then indlividual come
punent Frequoncies of s Taser beam (split using o prism) ean be suporimposoed
without mnterferig, Pl elfectively two separate velochmeters using different
Lipht frequencies can be superimposed co-axially, with the mutual plane of thely
beans ot right augles to one another, Suitable flers can be employed on two
separate photomultiplier: seeh that measweement of the signals from each come-
pouent ean be completely separated,

In order to mensure all 1hivee veloeity eomponents a thied velochnetor, operating
using a4 thded frogueney of liglt, can be aligned with the measuring volinne from
an acute angle. Three component systems suffer from the disadvantage that
the third compovent cammot be co-axial with the other two, Ax a result a very
bulky optical benel is neeeded, coupled with a need for a second optieal path
into the flow. Furthennore, complications to do with optical misaligument in
complex Qow peometrios cnse ovenr, and suelt systemns are thus only really useral
in refractive indes-watehed sistoms, or for peasurements in free alr. Now de
velonnsent= in the Held have yecoutly resnlted in tivy LDV wits incorporating
fibre aptie techuology, allowing, mnch simpler design of these molth component
syatens, and (hus eliming ing some of the veservations concerning three compo-
nent gystems oxpressed above, The etrrent syston was a two componont dovice,
althongh only single compouent axtal low measurements were made duving the
final testing,

3.3 Advantages of the LDV methou

As wenationed in the diseassion above, the doal hoam laser veloeimoter holds &
minber of advantases as o ow measuremont deviee, To sumnarise, chese dare
w (ollows:

(1) The sestom messures vector compolents of velocity,  Use of o ommltds
eotmponent LDV allows the diteet extraction of the separate veloelty com-
potents, Incompurison o hntewive deviee s a sealar measvdog instrament®,
ad mieeln processing, must be done (o extract the veloeity compouents,

(i} "The system i non favisive, regtiving enly that the working Huid aul con-
taindug walls be reasparent. "This holds a umber of advantages, sunehy:
no disemption ol the lnid beinp, measored, and the ability ro be used to
weasnre volocide, in hostile envirotmeoents {eombasting o corvosive flows),

AA singde ot wire® will measize the sealar value of the veducies m the plane perpendicular
e itx asiss (he coanbination of two vector veloeities, To diseriminute the velueity connponents
in e w sentean, three wares st be positionet i s mutially orthogennd msaner, and the
vomponent vrlocities can e extraered fom te comelution letween the (e separate readings.
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3.2.6 Random time base

Usunlly a flow device suck as o hot-wire ruemomoetor or pitot tube measures
the How varation contivnally. Sapling of the deviee fromn a computer or other
such instomneut ix then done regularly, at a sel bequency. As a result, the tHine
incremient between the sampled readings i fixed, allowing simple storage (At
needs 1o be stored only onee) atl simple processing; for instanes wie of the Faat
Fourier Trausform (FFT) cun be made to extraet frequrency domatn informuation,
munerical differentiation. ntegration or filtering can proeeed using any numboer
of standard al orithms,

The laser anemometor, ou the other kand, only registerg o, 1l when a particle
traverses the measuring vohume, thus the interval hotween readings iz not fixod
It rasloni. For high seeding density and veasonably high veloeities, thix rate
of particle truversal appronches o more or less fixad average in the mean, ok
thus the time Inerewment remaius raudomly distributed about some mean value,
For low particle denstties or low veloeition however, the time of arrival of the
next pacticle becomes campletely unpredictable,

The vawdomn titne base canses & bumber of problows, both in acqguisition amd
in processing. Filtering of the resulting discrete velocity data to remove high
froqueney components requives specinlly doveloped elgorithing (see seetion 3.4},
while froquency domain inforimation ueepssitates the use of slow and cwmnbor-
some algoritlons such as that by Gastor & Roboerts (1975, 1977). However, if the
datn rate is high enongh, then the e base ean be suecessfully approxi;mated
by ity mean value, and the wore conunon FI'T type algoritlong can be employed
{for ingtance, see MeDonnel & Fitzpatrick (1992)] to abtain frequency Informa-
tlon, A more subtle prolilem avises with vespeet to the sequisition of datn from
an LDV, beeause on the lack of knowledpe coneerning the arvival of the next
particle, Whereas s hot=wire probe ean be spnpled regularly by computer, Iony-
ing the cowmputer Liee to conduet othey tasls between readings, the acquisition
of LDV data requires the computer to be attoutive at all times, i cove o rowds
lng ix mace, This i ospecially o problom i the ense of a malti-channel aystom,
Here a stgonl may e dgnored Ly the eomgpnter on one chaumel beease it s busy
sunpling another chamed, In this case the fivst channel spuplod will wlways be
Favonred, causing a Iias in the data towards this channel, "The possibility of thi
neetrring n the present appovatus way avolded by utilising a eparto computer
for cach LDV chaunel, thus avolding the favouring of any pactienlar ehiannel,

32,7 The multiple component system

The preceding deseription coneerned nsingle ehanne] laser Doppler systom, come
priving o single pair af ineklent beams interseeting in the fow, combined with o
single sot of reerving oplies. It is possible to constenet a nmltiple component
systenn for measring wore than one componeut of veloeity at » pglvon poiut,
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Figure 3.5 The progressive processing, of the sigeal from the photodetertar,
resulting in & frequeney meastrmaent,

3.2.8 TFrequency shifting

A strong disadvantage of the shuple dual hean imethod is that only the wag.
nitwde of the veloeity vortor ix measmred, not its sign. Thus n reversing flows
thoere i w0 way te ascertain in which direction the flow s mov ng, To overcome
this, the prineiple of requency shifting was devived,

Frequeney shifting entails changing the feequeney of one of the lasor beans
slightly, by meaus of a Bragg cell, When the shifted and aishifted Beams cross,
the friuges no longer rmuain stutionary but move acvon: the mensueing volame wl
u vate praportional to the difference in the lght bean feeguencies. The reenldting
frequency registored by the photodeteotor i thus not velative to the ines wing
volume jtsell but to the moving finge. In order to ealenlate the netund fluid
velocity, the Dinge veloeity must he suistracted frow the obtained veloclty vatue.

Thix shifting of the zero datum allows Hows with negative veloeitios to be wea-
suieedd, o long ax those velocitios do not exeeed those of the lringes, In the
coutext uf dows with o laepe varintion in velecity, frequeney shifting redoes
the ¢lloetive vange of the veloeily relrtive to the 2oro datumy, aud thus allews
high ¢undity readings to be taken for the entire low range without varving the
filter wottlngs on the counter. This can be explained ax follows: auppose that
the rauge of low varintion 1 teews of fogueney in from 0.1 ko 1 kI, the varine
tion covering 0% of the range. Without frequeney shifting, wide Bleer sottings
would Be necded, admitting voise snd dosrading the svignal. 1 fequeney shift
of 2 kllx ix addend, then the moasneed sanpe of frequencios at the photodotoctor
woukd he 2.1 to 3 kil anty 304 of the range, thas allowing G tigheer Glteriug
of the input sipnal. Another way of viewing the offect of Bequency shilting iu
thix context is 1o cuusider B ous o wieans wherelw the fegquoney of the podestal
and sipnal can be separated ju value, thux allowing more sceenrate [leving of
the signal,
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Qptiral -weess

Fluid vilin a rouned talee produees aostroup Jopsing offect, due to the enrved
pipe interfaee ju coabination with the dilferent veleactive histives of water, glass
aned nir, A lighe vay entering the pipe off the wajor dinmeter will be sharply
refracted as show e fipee L9 (i), T the rase of the LDV, the Jeus ellect will
totd to fovun e brans themsedves due to their finite diimeter. Thas o rond
Lasor e, evon i auering the plpe oo the agor axis will be distorted with o
reswltant decrease in sinnsl gpadity, Farthennore, the vellectod Bght is puthered
nut back down the bewm patls bt over a condeal repion; heve the lonsing will
case most of the etnrnine tipht got to Gll ow the photodetector, cansing o
extrenely poor sipnal

—

{ Q\ ,}'

Figure 4.4 Thoe vefraetion of lght throuph o wator flled 1ube: (a), without o
surronmbing water jucker: (1), with a water jacket.

The simplest wiy of redueing this elfeet i 1o place the pipe in o bath of Hguid
with the same pefractive Bulex ax the working finid, and wit'  boar inteyluee
between the owter jacket mil the aire ‘Thisn wrangeme: own us () In
fignee L8, Witk this avrangement the ouler plagar wali . wistort all the
LIV buwans sqqualdly s amed the only offeet of this interfare wonld b a chauyge in
1l bean Datersertion anple. The pipe wall is now sunply o water-phvs-wator
interines, For o thin pipe wall, the cuevature of e ghes boeomes insignilicant,
aml the gasape of the Jaser Deas tleupl this interfuee = o dong os they
rensfn near the majoy diatmeter - will vesudt in oo amall taosdaton oniv The
subtant il veduetion sl hapdup elleet also pevipits most of the retaentug light
1o reusin ieident o the pludodetector, Flie resalting, substantial inerease fu
signal equality fally fustifies U use ol an onter water jocket,

The irdea] way to eliminate relvactive probles i to wilise o lnid witl identiest
vefractive fudex to the § or pliss pipe, In this case the pipe will 'diseppene,
indivitivg ehing no refractic w b ocenrsing, aed ths LIV readings will Le possible
anywhere within the pipe  However, wost refractive itdex natehed Huids are
eithor extronely cotvosdve, tosie, o both. For this reason it wis decidmd to e
witer e The working uit an-t take adviotape of e already inpressive pains
1 sipgtsb quality intvodneed by the water jacket, Fedwirtd & Dybbs {198]) pive
a potsel leseription of yelvactive index watching in LDV work,

© ik will e Lnigy an the axic of the LIV i Legst perpeaulivular 1 the planar fyee,
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outo the machined bote, The pipes wore kept pavablel durdoge e enring of the
epoxy Dy wsing an assembly §in, The pa felt letweew the gapae aond anee (aftor
oxeess opoxy waes remeved) was filled with ear body patty, and then sieothed
aned Darnished 1o shine, This {ifled region allowed earelnl matehing of pipe
and Ragge, thus avelding any steps,

The join between the Hanpes was Linished hefure attachment of the pipes; thus
vare had to be takes uot fo dausgge (his interfaee alter the pipes hid been
plied, Docatse deces s abviously restrieted afler lxing the plpes. 'The edge
wits Htislied off thurang (he oot iug of the transition et to avoid any damage,
The reslt of the above provess was ajoin betweent the sections of pipe it wis
s wproot I nued reprular as poesible, the major variation beiug due Lo the vapialion
in disaeusion of the pipes thnselves,

In toval eipht nnits were sesewbled, with o vesaltiug Tenpth of 1.7 w, and o
length vo dimaneter patie of 1282 . 263, However, oudy the et 56 m were aceex.
silile by loser (8782 200). The fignre L8 shinws the pipe soments asombled
on the rige The header tand i i the baekprowwd, and the pipe leads throuph o
loe fu the far wall (not shown), to the vidve system,

I L 'm'ml:ﬂu '
"&w ray |

Fimae L3 The te ting seetion of the rig,
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Construction of the flanges

Flanpges wore mugfieturml ot of polvpropylens, becinse of its fuertiess awd
god sivuetural stahilites A detailed plan of the Baages is shown g fipure 4.7,

L} wiH g WY i
DAL W kL kRRITE
FLLTLNTY M

Figuve 1.7 ‘The pipe joining Bangea.

Tiuch finape was nuomliwetueed ot of a solid Bilock of polypropylene, of dimension
180 x 180 % R0 mm. Sealing was by means of my co'ing senl mounted in the
{frout face, in o recessed provve in the one fange. The matehing fange had o
radsed ving which sotlod onte the o'sring within this groove, Dy this weats
the sealing funetion of the Buge wos moved Teom the almiting edee, alowing
a flush fit between the wnits. The matehing surface betwoen the seal andd the
hore was sHploly ssiseds Tae 102 s, to enstre an interforenee Bt at (e suclivee
ol Hhe bore whea the fange was bolted topether, This eliminated the possibility
ol auy pap at this join,

The entie assembly was hold topmilier by oight bolts, A tapored dowel wiw
Htted te visape porfect alipiment hetwooy the units, The Aual maclining of the
Traare wivs domie with the two noits bolted togethiers in this way the peefect matel
of the two [faupes win sisured,. Flanpes wore o matelied pades, anel conld not
b Sutereluviged,

Eueht fanpe wos spocifivally nuamibfaetsred to watel o chosen seetion of gl
pipe, aud the linal ntevial divoeter of te lanpe bove wis watched to e
ackiviniug sections of plass, The sections of phes I (ues were areanped so that
they showed the suiatbest diflepetee Botweon the malehing euds. The phivss tube
wits faced all ab the ewd 1o pive o slarp interdee, which wis then bonded into
the eeessod portion of the Haupe nsing o high guatity epoxy vesin [Avaldite
AVES & VT liodener). A taper preventmd the pipe frou fwedug diveetly
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Joining of pipes

Tn glass test s previousty assembled at the aniversity {tdi Sibea (29890), Green-
Blatt (1000, rections of glass tubing were joined together by fusing the ends
ol the pipe sections togethier. This process eansed rather lagge ripplos to be
forneed on the iuside of the pipe near the joine These were unavoitdable and
largely wnrontrollable in the mmmbicturing provess. To avoeid the proliem of
distortion it wis decided to resort to a eold=joliing process, using boltod Hanges,

Tuitially it was thought that the plass tabos cowdd be sfugply fuced off ugainst cack
othor and held tosether wsine o collar, However measuyement of the avadlalde
pigsing showed that slipht ovality and diseropaneies in the dimmeter (of the order
of (L] i ovality and 0.1 nun valation in diaaeter), and direet hutting of pipes
topoether wonld have resulted in steps, Fignre 46 illusteates this problem,

I N

L

Figare 1.46: Problews associnted with cold joining of plpest (a) step eatmed by
st en in diametorsy (b, lick of acvess doos not allow s teaosition rogion to
e Dleabed, {0}, Hunge allows aeeoss fov Dlending of the pipe auefiee.

A possibite solution of loaving 1 replon between the pipes - {b) in the fgure -
that ean bo blendeod to avoid auy steps iimmedintely talses the problom of aceess
i the pipesare bonded with a transition repion, then smootbing of the vegion
1o the piped peeds 1o be carvied our only alter the pipes have been honded, and
this tequires aceess dewn a L0 an leapth of pipe, Farthormore no inspeetion
and vopair of the julns can be cardod ont onee asseitbly of the otitive pipe is
eomplete, me Lecess then wonkl be even more rexivietd.

Using o flntigedd ol to ench soetion of plpe - {0) o fipaee 46 - allowed the
pipes tor b blonded to each other while allowing access both for mannfactaree
ad buter repadn, The Qanpes were wntinfociared ax matehod paiv, and theiy
jutermed pove wis nueldued topetluer to allow for a perfoct mudeh on the almdtiug
anrfaees, Ustug this appeoach, twno regdons bict ta be Dlended - the pipe-to-{lunge
intorkwees Jor vae's side of the Qanpge,
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rogion, The nlet wis boleled to o polypropylone flunge (deseriboed jater) and
the inner watehed sarface hotween flange awd idet way Bleuded and filled to
avold ripples ur vidpes, The method of joint constenetion i disensed in detail
B the mest seetot.

4.2,83 ‘Tost section

Cue of the major problems in the way of constimeting o long snooth pipe s
ae pvailalsility of gl quadity single dongths of mbe, Seasless stalvless stoel
pipes can be pogelieed with 17D vatios of a lew landred, but in the case of
plass tehing e peginmm manmfietueed loogih s 1.5 m. For the euetent stwedy,
aeeess was regidred evorywlhere within the lenpth of the pipe, thas the eative
pipe systent had to be apstically trauspatent,

Solection of pipe

It wan decided to use biph anallte glass (ibing for the test section, The mean
interual diametey of Yhe pipe needed was A8 3 - iy dinmetor was deeided
upon beeause it offered a good compromise hetween vadinl resolution and the
lengtls of plpe (ax a ratio of diuneter) Hat coukd fit within the lahoratory,
ad beeause stallor dimoeter tabing possessed 1oo thick o wall in relation to
the dimeter, The need for (e dbinnest posstble wall wan dictated by optieal
coisiderations (diseussetd fator), The closest available dimmeter of plass tubing
had a nominal dfoernad dismetor of 48,21 wm and wowall thickness of 16402
e The plass componnd wis duran bovesilivnte = 4 type of Pyreg glasg, *Chis
plass lus o dgd loved of anspareney to light in the visible anpe, and was thiw
stiitable for TV meanemonts, It possessid o roleactive hudox of 1,474 for
the sodium B line, wnd o transindssdon fwtor of 825 {or o 2y wall thickness
{13ibhy, techimend datw shom],

The fadely high vadability of diameter shiown above « 250 - wan redueed by
seleeting particalur pipes from the supplior with a wefaton of ouly £60.1
i dimneter, redueing (his variability to 0.2%, The preseuce of ovality wis also
considoered, auel pipeq with ovality of 0.1 mn or less wepe chosen,

The v o i prerspiex e wits consitdered, hoeawse of el wvdlability in greatey
leupths, bt the optieud guabity of perspes wies fTond 1o give extremely poor red-
b near the wall, "This i maindy dne 1o perspex’s sisceptibility to seratehing’,
Bregmse of the ahove ehoire, some seans of accarately joluing Jeaptls of ghss
pipe liad to De ecomsidered.

n wessarements tabion nviug, Troqueney siiftingg an other peespes tips, extoemely Ligh dta
e, 20mu veducily toadingts were ulmosued sear the wabl. Tt wiei foumd (hat the LINW was stiupldy
deaddingy the veloeity nf tloe seriteles. With plivs walls the LDV mopenzng volame cmld he
pemithomes® ot afly within the walt, with wo anch probles.



CHAITER 4. EXPERIMENTAL SYSTEM ot

Mo

200
F{mm)
150

nli 0 40 o0 B0 100 120 140

= {mm)

Fipre L5 The shape of the inlet contracton,

o provide wore wiform conditions tian nnbiont to the second stage, In the
current case the sunbient tank cowditions were very uniform. Moreover, i was
reswoned Hut for aedemndy flows, o large as possible taenscdown ratio in a shovt
longth would allow the spatinl presure gradionts to dominate the [ow syitem,
s allowing conditions in the fulet to remain hdrdy stendy,

The inlet way mambaetnreed by taentug a wooden die ot o Jathe, amd then hand
findsliing tIds monkl usiug sanding soaler ancd then Tty wik polish to achivve o
vory sunoth aud rogndar sinpe, The iolet was thon construeted ou (his die usinp;
fibreplnss with waterproof epoxy resin as tie binding compound - the die suelace
watd first eoated with a watorproaf pel-coat (for o siooth linish) before layers ol
woven fihreplins mat were applicd, Fliuws e the funer saefaee of the nlet (some
Lubbley wope formed under the gobeont) were [llod nsing antinotive bodge-
Pty aind the surfivee waes fuishod off with fine grade water-papey, burnishing
vompoind wxl then polish, ‘The resutlt of the above process wax ane exiveinely
siooth wnd uniform inlet contrsetion, The use of & itthie to s the die (et her
than the jndet direetly) allowed better cantral of the peneval sueface shape, and
w ltiphe epmadity fiadsh on the die was shple 1o achivve, by smoothing it while
womted in the lathe elinek, The fnket fneorporated (v dismeters of stvaight
pipae seerio after the end of the contmeting cone. to remove the inevitable join
1% Laur s pessidade Troma $he very thin oundary yer at the emd of this contraeting

stparetion of (e g, thi gexpeasive compuonst proved the s stabite o gaeftt ns o Glliag
apnd.
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(184.1), Lightldll (1945), Goldseeins (19511, Whitehead of al (1851), Libbey &
Reivas {19814 1o menton a fowh  Althowgh wany of these metheds vosalt io
tHiforont shaped ot contractions, it i ancelear which desipn iy physieally the
most optitnn, sl wider what range of cotditions temaing so,

In the context of snafrady flows of interest Liovs, no elear indieation 9 available
at all as to what dosipn is the most correet, Tlowever, any well dexipued nlet
vontritetion most produee the following offeets in the inlet flow; it st ousure
an uekisturhed dnlet veloeity profile of nnifonn veloelty and with o very thin
honndary byer. Coneeruing the wisteadiness of the {low, (e avoldanee of sepe
arntion due to s dyviimie usture, for instancee dne to jostantaneous advorse
prossure gracdients within the contraction, is an buportant couslderation,

The present flows were sabjectnd to strong positive necelorations at all tines!
thae the restrictions coneerning separntion were far less baportnnt than would
B bhe ease in s decolerating ow, where negative temporal presuve peoadients
mipde overcame the positive spatind sradients within the inled,

Ast o resudt of the plethora of design provedures, aed e lack of dlaeley sbhout the
rexponse o an nlet sudor msteady conditions, i wis declded v opi for a design
that wiw kuown to huve been sievesalilly mued for the geuerntion of round jots
in free air, by Poplel & Treass (1991}, This contraction design wits doetormbned
waiiyy the formuls by Witosspnski (29243, bosod on w nniform pressure vodation
throngl the contruetlon, The fopamln applicd was

ref fo (R o) |
P o 11’2{1-. [1.,(1{‘)] L 43:-‘»'7«{'5?} | .

ITere Ry i« the invger rading aued By the smadler, The factor a 3 s chosen multiple
of I, In this case it was takep as a0 10, With suitalde cholee of ternm,
equation (L.1) then gives oovarlation of the rading r with asiad position 20 The
vontraction shape b piven in figore L5 for the cureent valoes of Ty, B wwd o,

As cant be goou in the figire, the coutraction wax vory abeupt (the Hgure fa
preseuted i apprositately corteet aspeet rutio). In et on o peeformance
cotirideration, abruptness was wlvaatapeons, beewnse the spatial prossure pra-
dient fnerensed as the leggth of fulet redueed, amd thus possibiy improved pers
formance, However ease of manulaeture was also o constraint, and the eneront
sotution was 0 comprotuise betwern these 1wo factors,

1wt aloeielend to e o adupde stuge coutraction s opposed to the dualstage nnit
uf da Stlea (10803, Dhoesyee of the sswanetey in the tank offering unifonn mtow
rouditions. One ol the fuetows of the st stage o twastape contiaction is

Ui experinental 1eslis slewed an numnaly, possdlaly due tu sepaueation wt stae-ngs within
the inlet, Bt was thought Le be pelata] to oversdinot of the flowzste varlation at (e impulsive
wiart of the Huw,
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Pignee 4ol The header tank,

Advantages of the design

The pressurised convept wllowed an extremely eonpact diseliorge tank thut eould
aupply water at higlt prossive, safoly up to 2 har (it woan the steength of the test
avetfon that Himited the working pressare). An oquivalent [ree surfnee syston
wortld ueed about a 20 w bead (o achieve the aune vesults, The pressure was not
Ihnited Ly the strength of te wteraal aiv-water hutevface; in et the conditions
weross the dinphengin always remnined constant, berause the abrolute prossure
i both eavitivs vose equally. Althongh the foveos ou 1he piston were quite severe,
ey woere only starie, aml remuadted the samoe togardlosy of the aupply prossure,

The syston win completely axiamunetrie, to the pofnt that water wis puamped
futo the tank sysneivieally, The tnud wis isitinlly Glled throngh o pipe in
(e Froaet Tnee, next to $he deain, but o nepe swhling oddy was induesd which
persisted in the tank for dags,  Pumping the Hukd back up the tost cetion
wits intrerdueed o sneeeshudly eliminate this offect, Tt soouw the syumoeirle
vicenbution fdnesd Ty the Jatter approach deeaved mnel quicker, The procouee
for farther elimistion of the swivl duving testing i diseus «d b seetlon 6.3, T
furihier vedwee the pessibility of clienduton an alunin® i huneyeomls section
121) {rlopth E30 s with 10 nom width hoseveonh] was plaeed within the tunk
Iefure the fnlot,

4,2,2 Inlet contraction

Inlet eomtraction desipu s o blick art’s woest relovences to design procedures are
uot recent, aied are lased on shaple potewtial flow theory [ed, Smith & Waup,
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the minitunm pressure into the wider waeo slightly higher than the ale prossure,
and keeping the diaplheagn tant, An inspection hateh (9) allowed access to the
linkage aud sprinps in the ajy cavity

Axowell ng the pressare differentin]l problem deserilied above, the prosence of
the water-adr fnterfoce within the wvaginatod partion of the disphragm (10)
prodaced i strong broyauey offect, fureing the piston npward, To avond putting
undue stradn on the liukae, lavge lead weiglis (11) were placed inside the pistan,
Their masy was seleeted to conuter e usixhuam buoyeney foree; the foree
wir A wininwan when the pikton was vetraeted (s showa i the figare), acd
a maxinmume when Rally forward,  However the lexibility of the tiukage was
at a niniimpn i the retracted position, thys the piston was weighted to be
approximately neutvadly bnoyant in the fully exteuded position (not shown).

Aceoss to the water cavity was through the front fuee of the tank (12), "Tlds faee
was secnrely holted to the tank, and throwgh its contre a luge intet conteaction
{13} roustrictedd the Quw into the test seetion, The test seetion attached to the
ol of (he contraction by a dligold jo'n (14), which was eareflutly matehed to the
downstroum pipes, The details of the tange design are disenssod i conjunction
with the test-section below.

The air compartment coultd e pressurdsed via the eleetrieally uetnated solenoid
vajves [ASCO model 8210 - 2 inch bore] (15) aid {16}, while the air prossure
was roughly maintained hy a pressure vegulator (17) [Novgren Olympimg, 2 inch
arpply pipes). The <upply pipe dinneter to e regulator and valves was large (2
jnelies), iu order to atlow wshindered sapply of lorge volunes of ade, Fiue control
of Uie air pressure was by means of a small pressure bleed solenoid [ASCO §
fuch] (18) which conbd be theottled to allow slow eseape of air, High pressure
(= G to 8 hue) air wes supplicd to the yopulator, Valves {18) and (16} wore
connected electrieally so that ouly one of the two were open ab a timse, T aie
wan oither admitted from valve (16) to the tank, or alr frow the tauk could he
released using vadve (15), Both valves (15) wind {6) could he throttled by meps
of manual grte vidves in sevies with et the mile of tank filliug amd
clselrpe could be vegulated maadly, AR three sotenald valvos wore controlled
[raan the conteal sompaier,

Water wax bath distharped and adositted to the taalk throngh the bellanouth
vontraction - the tank wis rechurped back ap throngh the test section. Air
eomlel bie L from the tauk fow o bleed pipe (19), sl 1t could he deained
eouipletely theough the dradn (200, A vheostat atineed to the Hukge and o
water level sensor (not shown) mieasured (he piston position aud the presence of
any water lesknpe inta the wde comportment pespectively, A pliotograph of the
tank ¥ slown fn fignee b The approximate capaciey of this uait was 500 1,
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4.2.1 Header tanlk

The function of thix component wax to hold a quantity of Huid, and te supply
it on demnmd to the test section, A detailed cross-sectional view of the it is

given ju fipnre 1.3,
o
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Tignre 4.8 A eross-sectional view of the supply tank.

One of the most huportant considerations in the design of the test rig was the
requivement of axisyimmetry, The llows measured by da Silva (1590) showed
sone Jack of synunetry, and this was thouglht to he due to the lack of synunoetry
in Lhe hender ank he used (it wag & vertieal tunk with a froe surface). Anothey
major requireient was the need to waintan o darge head of water iu che tank,
in order to generate the large Reynolds nuwber fows geeded {for the exporinions
tation, These two pequireionts dictated o rather untsmal desigu for the teulk,
which §s deseribed liclow. Reference is made to Sgure 1.3 I thix deseription,

The tank was essentielly a lavge synnoeteiend pipe (1}, with dinneter 600 mn and
length 1ol i conxdal to the test seetlon, Within the tauk o water compartment
{2} and ady chamber (3} wore soparated by o Inege dinphrage {1) supported
by a ripid piston (5). 'The dinplragm was nude of & watevproo! knitted viayl
materlal, identieal to that waed in the manulneture of nflatalle dinghies; thw
it conld fold bt was net elnstie, The piston wan supported on a *seissors-like’
mechanism (6}, which constrained it to uove baclwards and forwards only. The
plton win not driven by this Bukage, It moerely snpported. The joins in Ua
linknge neorporated sealed rollor-beacings, to reduee fietion 1o & winimmmn,

Cuelity () wis Wll of water, while {3) was aie-Bllod. The hydrostatie gradiont
down the front Gee {T) of the plstou pesnliod in the prossure at the topy of the
water cavity hedng mnch lower than the (coustant} prossare in the aly tank, Ax
o pesult, theye was & tendeney for the diaphryggn to eollapse downward into the
water vavity, fonling the piston, To connteraet this, strong springs (8) wore
added to the selssors Hukage, to offset thie hydrostatic offect, thus evsueing that
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4.1.3 Acquisition & control components

The rig descrilied in section 1.1.1 above contained ~lemonts, such ax valves,
solenoids aued pruanps, the control of which was the conecen of a contral computer,
Further to this vivions data had to De acquired from the apparatus, both as
weasuremnts (for instanee the LDV data was suel an element) and for the
purposes of contvel {lowmeter data), The vesponsthility of both aequisition amd
control was vested in o single computer systent. which is shown sehenatically
in Bguyroe 4.2,

The commbinativg of the avquisition and coutrol was borause some elomouts of
the vig generated data necessiary for hotly provesses. For instance the flowmeter
tlata wad rogiired by the flow coutrol system. amd a8 o measarement. More
importantly, mtomation of the entive tosting procedure was desirable for the
sitke of repeatibility, Tn aeder to achieve this, centralisation of hoth acqnisition
aud conteol was neeessiey, The esinbination of all elewents into a aingle ssutem
allowed preat generality in control of the experimentation which is not possible
when usiug sepurate wind nflex?hle aequisition ol control gystoms,

While it was the main computer’s task 1o control all elements of the vig, the lune-
tion of real-time nequisition of the LDV data jiselt was delogated to two smaller
congputers, each under divect contrel of the main anit via o network constrieted
specifienlly for the task., Two of these nequisition computers were required flor
the ewrrent system, one per LDV chanuel, Separate systems were wsed to allow
high data acquisition rates, Lut more importantly to avold favouring an nequis
sition chanel, A dizsenssion on this binsing effoct was contained in chapter 3, in
seetion 32,6, The wadn computor ran a dedieated software program, coneerned
with all the ahove aspeets of meamrement amd control, Becanse of the general
roquirements of the expevimentation - the generation of arbiteary aceclerating
fows - the user ntorfuce bd to be Oexible, To achieve thiy, o command-lne
coutrol package was developed, utilising . macra comunnnd lauguage, and allow-
[ng casy modification of all the vig paraneters dovdng execution. withont baving
to resort to alteration of souree code,

This overview is by its natuee, briel, It introdneesd the geuneral olomoents of the
experbuettal apparatus, which are deseribed in nll detadl in the soetions that
follow,

4.2 Rig sub-gystem

Thix unit eomprised the components that contajued and pigesieally coutrolled the
flow: the pressurised hesder tank, pipe tosteseetion, valve network, eatehunient
vk, prmping, low mensurement and pressure echaninus, These olonents
ate Hsted and doseribed in detadl below,
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Figure 4.2: A schomatic viow of the appaeatas, showing the varions sub-systema:
(1), flow vig sule-syvstom; (B, acquisition & control sub-syston (e}, measurensont
nub-gystent,

henell was required with the obility to aceurately position the LDV in three
orthogonal apitial divectons, The eutire loser velocineter had to be imoved, o
nnsg of approximatele 150 kg thus there was the daunting task of positioning
a lurge wass aceventely 1 thiree dimensional space.

An oxisting horizontal traversing table (originally o toxtile cutting Donch) was
maodified to allow astomated vertied] ovement, This beneh already possessed
stepperanotor control in the horizontal plane, and way used by da Silva (1890) in
his measurements of iwpulsively started Hows, Aceurate position measurenent
dovices wove nteeched to all three axes of thiv benek in ordor to acquire three
limensdonnl position datas The resulting systom could position the LDV undoer
compttter control anywhere within the flow systom., The figure 4.2 shows the
measuremoent compourits of the system sehematleally,

In addition to the lnrge deviee deseribed above, & sall portable laser velocime-
ter was available, in order to aeguive data from portions of the How outside the
range of the large travershg bed, This unit whiels was attached to the main anit
Iy means of a fibre optic Huk, was light (= 3 kg) awd thus could be positioned
frecly in order to weasnee the ow variation anywhepe in the rig, Chis small
unit {x showt fu the schematfe in Agaee 420 I had o one dimensional manual
traversing mechanis,

Apoet frow the LITY and its traversing equipnent, varjous other measareinent
tloviees were positioned on the g an eleciranagnetie fowmetor was monnted
in the flow, o temperature probe was positioned in the eatehmont tank, nnd
a pressure tiosdueer wonftored the discharge nk presswe, While Sowimie-
tor datn could he acguived daring tost ge, the other two sensors weres tininly
veguired oy eig control, amd are thus really part of the acquisition subesysten,
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theverfter the hardware confignration [computers and other control eynipunent}
ix given, The eontrolling roftwine i presented in chapter §

The systeun was priusriiy desigued to replace the Towlett-Puckard 9836-based
aceuisition system which existed at the aniversity Jsee da Silva (2000, Thix
wachine ran an inteepreted bisde operating svstem, sud ablowed a single LDV
channel to be polled at abont 100 Hz, and slso peemitted several lues of digital
colmtmuicidion, Beeanse of the interpretative uature of the aperating systewm it
wie Ineredibly stuple to wse for basie acguisition (programs conld be nuds?
‘on the fiy') but was very slow and iullexilile, aud thus unsnited to the bigh
periormuee Laltipie control natwre of the cnrent nig.

It was decled 1o wilse the IBM 1% compatible hed infrasteneture, hasically
Beeanse af its inexpensiveness, widesproad nsage, and vxtreme floxibility, Unlike
thie II* sestena ahove, the IBA Dased sesteas albowed ineorpuration of hard.

vt components (aegiisition cavds, ote) {row diverse sonrees,  Furthermore
the most advaneed progranung lanpguages wore availalde for these maeldnes, T
wits decided to renain with the Micvosolt MS-THIS opetating qysteis for those
wmnchines, The Microsoft Windows V3.0 aporating syatoum wis available at com-
mencement of the praject, bt loth the package aued design tools for this systomn
wope 4 ne fully developed, The low.devel power uf DOS alko allowed inove
direet control of the handwire components than did Windows, The soltware
teslan philosopliy i presented in seetiou 5,1

The Dusle sceneture of the haedware was discassed in the overviow, A more
detailed schematic of tie Javont is <iowa in ligare 4.5

W

y
lincar”  positinn digleal
adwaar  Iaswemenl 1)

clanae 1 vhannil 3

Fignve L L% The lyvent of the dina acquisition hard ave,

The eentrol eonputer was the corierstone ol the systom, I cotitrolled a0 andioer
of sibiovntoms, both exteral and iferaad, which are deseribod holow:
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a4 m travel in the diveetion agial 1o the pipe and a 14 w0 vange borvizontally at
right anples to the pipe axis,

Boilt horizoutal vo-ardinates woere driven by MAE IIY200 steppermotors, cobs
trolled Ly Bigiplioy CD3I wotor dvive units, The interfaee betwoeen the stepper
tleiver and the compitter wos by a RE-239C sorfal cable Hak, The boneh offered
10 vertical movement, so a vertiea! traversal moclanism hoct to be designed, A
fork-HEt tepe arvanpgement was decided upou. The TDV heneh wis sapported
ont o eridle, which could move vertically on two IRO LWALT Buear bearingy,
Tlis aonnbing aranpgetent allowsd for an extvomely vighl desly The verti-
cul traversing struetnre is shown i figpuee LLEL wd allowed 0.0 of vertical
moventent in tolak

Flomre LI The LIV med traversing benel, shosweing, the vertiond teavorsing,
rsembly,

A WarnerEleetrie Blectvae 1H0 lnear actstor wieo sl to vakse and lower the
vig, vertivally, "Fhis wits usealed nodt, beorporating o D mator, geachox and res
civendating hall worm deive, Thin deviee wis poworfu) enonph (o vudse the entice
hench vertically with so countebalaneiny, s valoty features it jueorporated
e switelos el o Ieietion clnted,

4.4  The acquisition & control hardwaro

The sweudsition sl contenl systein Wi comprised of the main computer, the
two LDV seouisition cotnpmters, and yelated hardwage romponents. Coenteol wies
Agpletmeted By weans of o sobtenre peopratis on the mais wacldne and LHY
arepitisititn hoxes, T this rection the general philosophy of deoan is disenseed;
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The recobviug optics were far shugser than for the luger onit, The wnit worked
in the bark-seatter mode, wind His the recedving components were comliued
with the trausmitting apties. No fieldstap was ineorporated. This was borause
the compact nabnee of the bemns Gem the fibre-optic nnit, ecombined with the
ineorporittion of the optival lax, wse of rlass pripes mied the peaeral cleanlinesy of
the vig, resnbled jn no notievable Haze olf the pipe walls, The basie conpotents
of the yoeefving assenbly wers

TSI 040 Mhotodetector mount, .\ shiygle cliannel monnt wis used to dicoet
the redtened light 49 the photodetector. This wuit incorporated o focusing Tous
to alloww the geflocted light to be made properly ineddent with the photodstector
phhole,

TSI 9160 Photodetoetor,  I'lio seeviud plistodeterctor o the Juege vig was
amutted ou the photodotoctor Juon,

T'he sawadl nnit did not iscorpovate o froqueney sWil anits haweyver Jie one laser
e had already been fregreney shifted on the wain nait, before betaeg diveeted
dowen the optie Bhre, "This weant (hat fregqueney shilting behivionr was avadlalde
on this small wudt with no inervise i b Beeause of the ranote position of
the froqpueney shift control box fow the muin nait), o long shiust enble (=2 6 m)
bl to be routed from the rmaote photodeteetor, 1o the frogqueney shift bog
for dlownenzixing, It way feared that some reduetion fun sl guatity would boe
introdneed by this extra lobgeth of cable, but uone was noticeable, In wet, s
nentioned, the undt produneed rowarkably good sipnals deipite the optieal bee
Tk awd lonp, sipond eadibes,

The high quality of sipnals was partly asetibalie to the optical T, The aeenrato
foewsingy awriutpewent of the fibve apie wsit 9368 allowed for an exteemely small
Ltviay diwanetet to be praduced, of the ovdee of .1 mut, With the beais expsucdor,
e wensneing volome width was apptosinately 004 m aud i Togeth only
4wt The small heam distaeter and the gowd disteilmtion of ipht within
eaclt beam allowed for a higleprevision mensaving volune sid Sy exeellnt
sigiudy, OF contse 1hie gquality wed cleanliness of the apticad path added thds,

4.3.3 Lasor poritioning

Adthowpgh the Brer troversine, beneln wae not stefetly part of e LIV measweing,
syslen its fnetion was (o position the Tage LDV, wnd (huy dts deserlppion is
fnedueded heres Tl Degels wivsa bpe Sristannat textile canting Liened, providing

“Thr st tabe (SN i wan e Japgh tiat the poine i the band signal coukd not
e pesolved ot the eailloeespe on e e seide el aoe e e mpad igsedf Wit sl clean
sl the presenve of tie fehbealop merels el 3 deyoodation of sigaal stoenpth, aml
o an tgally dienused the SNR.
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Figure L13: A schomatie diagraan of the romote Jser bead, showing the redi-
veetion of the verticat beaug from the madn wit,

TSI 9283 optical flbre unit,  Thix nnit, deseribed alove, converted o pair
of light beams bom within the librecoptie cables tu frovende Jaser bons, The
it e flie aijustinent serews for hoqn divection aud collimation, thua there
wits 10 nowed for steoring prisis or o collimator ju the xuall wadt,

T8I 932 opties benehe  Thix was o snud ane-diinensional seaversing beaels,
with a total pitel of about 50 man. The teaversing weclanism wis ot ad-
justable Ly means of o sl kuols sttached to o threaded rod, The aoie haed
eljustuble feet and o stondued TSI monnting wack for the optieal conponenta.

T8I 01180 bewm spacer.  Thiv component eought the heams eloser tos
fetlier prior 1 the beam expander.

TSI $188 homwn oxpancder.  Flue Bnetion of this vongponest way, as with the
Bvgger wudt IR0 on the main LIN, ta recdhiee o disaueter st the suseuriug
vl in thiv tase Gy & theoretieal factor af 237, Hns possdbly inerensing the
sipniloio-nolse vutke shont § Hises,

TSI 017A Tena, This Tets had o foei distanee of 1312w with a beam
spatciig of 214 nog, residting in o eeeaie adaople of 5000 Beeanse of s
very swort focal distames, the olfoetper solisd anple over which ceattered light
wits patheved was the sidme as for the D beap with its laege dinmetor s,



CHAPTER 4 EXPERIMENTAL SVSTEM 61

also allowed optiunun collection of seattored light, thus epstiug o good
sipnalvoenoise ratio, The unit pave o theorstieal inerease in the signad-
to=nodse giutio of H0 and a deerease of measuring volune dismeter of 3.75.
[T8)] 91007 LIV nmmal (1087},

(iv) The TST 9169-450 font lens with o loeal longth of £80 nap wan used,
piving a free aie bea hadfauple of 1011,

Buwic arrangoment of componouts

Light from the laser passed through w prism which split the beaws into its come
ponent froeuencies, The (wo stroupest Bight Sequencies - preen at 5145 wn and
Iltie wt 188 nm - woere direeted Ly nirrors down the teansmittiug, optieal bareel,
Eaeh beam wis then split o twae eguad strength components, one pair in the
horlzantal ple aud the other fn the vertieal, Eacl poir thon passed theoush o
Bragge cell, and ou throuph the neusing optien, Sundly leaving the front fens to
forus at u point in the {fow.

Light refiaeted from paeticles retnemed alowg the sane path i the trausinitted
bonus, This light was then foetused througls tho field-stop aperture {the trans-
mitted heaus passed ot the stdes of this unit), to climinate lght from outside of
the control volume. It then was vefleeted to the side by ab angled mirror, whers
it was forusod outo thie pltosdeteciors. Light was aplit betwoon the deteetors
hy & semb-silvored wivror. Eael detectar wan preceded by o narvow haned filter,
caeh Rlber to oliminate light o the other chaunel,

The LIV ax deseribod above was o standard 9100-7 unit, Although this unit
witd chesdanee] to beossed uy o Bvo-componeut nstyinent, the moedualar natuze of
the TSI eqpripuent allowed other contporents to be lichuded D its assemibly.

Iy the enirent testing, the vortieal component bowms wore eeguired to power
the reaote laser hoeid: s o odel 9259 foeusdng anit fllowed by o 9262 fiee.
aptie attuchent were plaeed i the LDV assewbly diveetly after the frequeney
ahiftors. These units allowed the harizoatal heatis 4o pass ushinderod on their
noruiad path, The two vertical componest hea were Hien diveeted dosn o
pudr of Hhre-optiv cables to the reynote sestoi. The wodified aeeangoment wned
remiote Twid are shiown sehiewndtically i ligine 113 Delow.

4.3.2 Remote lnser heaw

Tis nnit wies issyhlett from sepayate ‘TSE eamponets, Tl soueee of Heht was
via fihae apthe luk frone the wain LDV nuite (e two benay withiu rhe fibee
aptie talies were convertid laek Iata free e beaans by the TS auit 9263, Thoy
wiwe then divoeted alompy, w shuplilied <ot of transmitting and receiviug opties,
The conponents of this aaadl head appew in ipnee 433 and are Hated Loelow:
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wsedd, Decause pre-filtored witer was wsed (Do the laser coolant drain) to top
up the systews, Water fonling was minhual hoepuse of the oxtensive ase of
plasties in the systons, the deliberate choiee of which s diseussed holow,

4.3 Velocity measuremoent sub-system

4.3.1 The main Laser Dappler Velocimeter

The unit wsed for testing was o TSHE B0 sorjes lasers o (wo compoenent, acks
seatter nuit, whieh operated i conjunetion with a Cohoerent Innova 90, 5 W
il tishaned arponeion fasor. A photopeaph of the system monnted on the travers.
Ing bed 35 plven Tu fipare 5130 A full list of the compunents comprising this unit,
ineluding their wrangesent, ave given e appeadix I, bat o briel sununary of
the fnuetionally important Hems are piven below:

I.-'. .b: . k “ )
Optitnd bansh,

Flaure L 13 The LDV nwsunted ou the 1rversing betieh,

() The LDV Duel v pair of feegueney shilt smits, ore for ench eliimel, These
ool vontsisted of o TSI iode] 9182 Brapg eoli mounted in e with the
aptivs, and o IST oasdel SO eleetronie roptrol hog,

(i) A wodel 113 liokl-stop sastom wis juelnded, to ensre efiminaiion of
erronents Fefleetnd sigiaks when weaswing near (o the pipe wall. s
cotponeit focused the verurning iplit throageh o sl pla-lole, thas only
almittiup, sipnals Tron the peasnringe volutiw,

sy

(i) G\ larpe leang expaisler, wwdel SIS6 wie iuelneded to msaee aeenrste e
alipiaent ad & =madl weearing, volune, ‘Fhe koge apertuze of this anit
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4.2.5 Catchment tank and temperature control

The eatebmout tank wos partially shown in eare 1,11, Its major funetion waus
o contaie the How frow apstream. Che tang had a eapacity of 1000 {1, aad
win tHitgs Lo enongrh to contaln weder from the vutive iy (liportant duriug,
cloaning, or during a malfunetion), Other thaa simply holding water, it was
also poncerned with the restiarion of temperature iy the vig,

Temperature control unit

Two large iunnersion heaters [Hotrahe, power 5 KW eacl] extended into the
lower portion of the rank, one from eacle ol A tanperatnre ) wisi i
imersed o the wator, and oo siadl pogs reclrendated woater from fn © btom of
the tauk 10 the op. The prebe and heaters were conteolled by an acenrate
temperatore confaol muit [TOL TCR-1), to 817 CChis wit actunted two lage
30 W ocontael Dreike w5, which controlled the enpply of 380 V, 3-phase eurpnt
to the heaters, The - mpestioe was vepalated o 250 C for the ontlee test,

[igh capueity hoating units were usid to allow wapid corvection of temperature
disparitios, The sestern was complitely self-contalned anl did not need any
computes tervention, Tempemture wax regulated in the bottom tank beeause

this wits the moest perinanent plaee i the water resided, During ¢ - water
witk pranped repeatedly from Ehis Gk upstreamy the faitind efre of ekl
ench el before tisting brouglt (e entive apparatux fo oquilibviy the vo.

peated movement of water during testing kept it that way. Another isportan
reason why the tewmperature eleneats were not mowfed o 1] = apstrewn tank
{apaet feom the complicated Interinds of the (ank) is thar this wenkd have i
tluend strong comvertion marents in this tank, and thas disbuebed the syannetyy
ol the settling ow.

42,6 The pnmyp

There was o need to retug water fvom the lower Gank indo the prossure reservdr,
To do this u staple swinasings pool o was wak "This nnit el all pledie
working patts, 1o prevend fonliog of the watey by corronion. Ax entjoned, this
e retnene] e widoy vin the 1est seetion, wldel 5t ddd thivough o oneswvay
videe teed Bt the pipe between the Jowmeter sl vadve wetwork, This valve
stoppert huid Jowine, Lack throuph the pamgs when the the wis auder prossune,
Lot auelinnit tedd Qi fronen the prungs Into the e when the rip wis ot pressarised,

A dlter gof 1 ov B pand woes oduted alfer the punp n o seeotdary brageh of
the pipes aad witter candd be diverted tleonghe this filter by clisdng twn valves,
It fapsetion wied 10 odoan e waoo twhon new water hiad boon added (o the
svston) oy veanove seetliug, pueticles and sddiment. However §1 was not olten
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Pipure 4.11: The valve networl.

Large electro-puewmatic valve,  This devier (6) ~ a Miteeh 1 inch unit -
was similar to the nnit (1) above, but wger, It had 3 2wl bore supplv, aud
opernted on the sumie prineiple ax the siwsbler wnil, It wis ftted with oversized
wir supply pipes i bid to inerease Jtx response; the response thne of the auit
wins about 0,3 s elosed-toeapen. The braneh of the valve wetwork containing this
vidver aldn contajhed s dbephrag vabee (73 ddentdeal to the romponent (2), ad
o badh wdve (8), the saine as unit (31

Flow lefl the aetwork by way of two plpes (9) from where 3 passed ote the
catelunent tank (10%, shown partially beee, Tne ewds of the pipes wore sub-
werpsod i the tank to avoid aje perting into the valve svatem durngr conditions
uf uo flow,

The solenoid amt two flow valves were controlled from the nis computer, Basis
eally these tlove units condtd be controlfed in any desved manner siumblaneonsty,
Pravtically howoever, only one of the valves was geed al any tae, The throttling
vadves on each beaneh allowed o wannal seding of the How range, espoeclally
it the ease of the solenokl. Setting of the vaxpe was who important oy {he
paeunittie wuits heeanse it allowed the valves 1o aperate over o fuller rauge of
positions, thus allowing, wesiusn sensitivity of control, Adr was sapplied to
both valves from a repndintor (ot sbiowe),
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Flowmeter

The flowmeter wis a conunercially available eleetromaguetic device [Endress &
Hauser Speedmng - 40 mm throat] with s maximm fow-range of 12,6 x 103
wit /s and a dytamic tespotse thne constant of 0,01 5 1t i o non hutrusive dovice,
itferring the fow by weasuring the clecteie curront eavsed by the change in
maguetic dux of the lguid passing theough o strong magnetie fiekd, The signal
that wis trunsmitted from the flow wuit shown here was a proprictary serial
formp'  Thix wix interproted Iy o remote ungt (not shown) which produesd
an analopue signal representing tie floweate, The tange of the unit could be
wedified [rom the vente head,

To inerense the quality of the ceading froin the meter, two earthed hrass rings
wore monnbed upstreans atul down of the wnit. The fanetfon of these was to
reweve auy charge from the Hguid that inight tave alfectod the readiugy,

Trotn the Bowmelor the pipe continued downwards, theongh o oue moetre lengti
ol 10 unn wall thickness high presse yabher piping (to absorh sy presswe
pulses dne to water-hanuner in valve sliutdows) and into the controlling valve
network,

Valvo notwork

A phiotograph of the valve nelwork is shown in figwee 4,11, The flow entoers the
system from the vight (e dowa 4ube from the Howweter = just ofl the right
side of the photograpl), axd Jeaves through the two vertieal tubes on the left,

The valve notwork was the prinary flow cooteol meckanism for the entee vig,
wel constared of three hranches:

Solonold valve, Thic i indieated Ly (1) on the Qpure, This valve was o Tist
apening (& 34 s apocifiention), eloetelenlly operated solenodd valee with 2 inch
thyeaded fittings, On the solenoid valve braneh was o ddapheagm valve (2) aud
ball valve (33 to allow manal throtiling of the How,

Small clectro-puctmatic valve, This (1) wis o Miteeh } ineh throat puew-
wintieatly avtsated neit, The deviee wivs electronically conteolled vin o 1< 20 mA
signal romt the computer. It bl o respouse titie of = 0.2 8 fron (ally elosed
to fully open with o sapplied aie prosure of 6 bare Ts branch of the petwork
cotidued u ball vidve (53 amd xhaved the diaplragm valve {2) with the solenoid
Lraneln “This npit wies adebnd i the wddedle of tediog, to alow monsarement of
the Jower flowrates with beftor control,
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Figure -1L.10: The {lowwmeter preceded Uy the stilling chuunber, The diroetion of
the flow is down. A erosseseetional schematic of the stilling ehamber is shown
ot the vight.

Stilling chanber

The chimber wos introdueed to onsure ax nniform conditions ag wore possible
through the flowmeter section, Besically it consisted of an exponsion (1), a
plenutn (2) contrindng How straightening covktailstraws, aud n simooth contrac-
tion (3} leadiug into the flowmeter  Feom the cavity (2) led an ontlet {4) to
& pop-tdl valve, This wndt was dncorporared ax o safoty measare 1o allow the
Dloeding off of exeess prossure iy the system.

The exit of Jie stilling chnmber neorporated an utegeal flauge to clamp the
Howmeter fn place, in conjunetion with o wateling e on the far side of the
meter, whick direetod the How bink into o section of PVC piping.

The stilling deviee was considoped weeessary bocuse of the proximity of the
llowaueter to a bewd, It wis not dntendid that e deviee produce lominar flow;
ont the cantruey & tarbulent profile was prolmbly more desizable, The expausion
wid ahrupt enouphs to ieluee sepavation iu the flow, Thix, along with the strawa
ard coutraction was hoped to lave removed the aseinmetry from the Bow,
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was made of the temperature of the elfluent liguid, but there was found to be
ue appreeiable temperatae variation in the laid, even after substantial settiing
times. What was ocowrring was that the thenual moementiom of the watoer jacket
was stlicient Lo maindain approxintely isothermal conditlons o the pipe. The
systom il (o idtislly be byonght into equilibeinm, by pumping the working
fluid repeatedly through the piper comdoetion of beat through the glass then
brought the iwo waler bodies Juto Thermal batunes, ThevsaRer the flow in the
pipe nudatained this bafnee, The initial puping was cocessary anyway, to
disperse the seeding oveuly in the flow, Thus effective temperature control was
attained withln the systenn without the wae of the complcated enrlier systom.

Rig support

Both the tank awd the eiglt pipe units were supported on a heam arrangement,
st adjustable pedestals, The tank was mownited on o Game thad conld be slid
backwards and forwards, or adjustoed to qoake it Jovel, This structure ix vikible
iu figure 1. ahove

The supports for 1he Tudividual pipes eat Be seen attached 1o the main e
figre 4.8, Bach pipe unit was beld at the fange by an adjustable support. Ver.
tical adjustment wis by weans of a threwded rod, while crude Iateral sdjustmoent
eould le achioved Ly shifting the suppore shdeways on the bemn bofore elanp-
ing it in position. Fine adjustient of lateral position was through grub-serows
monunted in the Bange eradie.

The g was aligned by assemlding the pipe seetlons fvoan the tank ead, Bach
ault wi adjusted fo be korizoutal sud pacallel to the st befove tightening the
flange bolla, ‘The tank bhad very litnited verticnl or Jateral icdjustiient, and thus
the pipe Lhad (o be adjusted to watkeh 1he tank,

4,2.4 Flowmeter & valve network

From the end of the fest seetion, the pipe pussed through a hole o the fay
wall, Ifere the Hual Beupe joined 10 seetion of standard high-procaee PV
tabitp, of outer dinmeter 50 nun (ner diweter wias 29206 mm), The dlaneter
was rlnend] praduadlv over sbowt 200 1w, by el fering the inner sueface of
the VO pipinp. This was 1o lower the fdetjonal resistanee of the system, akl
vetove auy savrees of distarlamer fton near the test spetion.,

The horizontai pipe led into a pradual 90° bepd. which turned the pipe down-
ward.  The pipe then bl e a low stvaigldentug cimabier hefore passing
throngh the fowmetor, The stilling, ehawber and flowmeter are shiows in fig-
e - 1,
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The fanges shown it figure L7 bad proviston for the attachwent of a square
hox. Lomg thin glass panels were vut from 6 mgn vatempered flogt glass, The
thickness was chosen becanse this was closest to the uatural float thickness
during manufacture®, thus minimising optical distortions, For the same reason
the untepered glass was chosen « the heat of the temperisg process intradaces
ripples in the glags, Float plass was eliesen over Pyrex because the optical quality
of the suyface was Idgher fu the farwer, ad heeuse of the price preminmm of
Pyrex.

Initially the entire nipe was enclosed with fowr pioees of glas. Howover, the
inubility to olean this configuration amd the diffiealty in sealing the jol resulted
in the b bedng ranoved. Bach seetion of pipe thus had a glass box sarvomding
it, whiel eould be simply filled from above. 'The pipe seetions can be seen eleacky
in Hgure .8,

Temperature control of the pipe

The fuid in the opticad boges was indtiolly to serve o duad paeposer as well
as peducing optical distortion it wis to bhe wsed to control the temperature of
the fluid in the pipe and thes retain isothermal conditiong in the systom, It
war decided to do this beease megsarement on s provious g, of the ollluent
fluid from the pipe that bad been loft to stawd for severnd winaces (nocossary
sottling tine for vedueing disturbanees), showed & varlution of soveral degrecs,
dependent on the pnbient temperaduee,

Tuitially, {lunid was pumped throngh the boxed [rom o temperature controllod
reservoir, and returned o the reservede afterwards, However, & namber of prob-
hownw arose with this sstem:

{i) The ldving pressure needed to deewdate the water cansed problems with
the sealing of the hoxes, The large surlace area of these hoxos caused the
facex (o expand, i reeiving, cloping,

(it} The water jarkot suclneey boesmne Tdod with algne and water sediment,
aud eleaniug wis lagpossible withont opendng the boxes,

(Hi) Adr Imbbles from ponping. et o dissolved gases in the water farined
on the pless surfaees, dispupting aptival aecess,

Due to these problems, it wie decided to abandon the veedeenlntion approach,
aud shuply open the boges, This allowed eaxy cleaning nud poraoval of bubbles,
Tlowever the prinwey poad of feaperatare contrel way defeated. In opder to
estimate {he tepeestnee variation with the witer jockots opent, mewsnrsiaent

T ke thintier panes,
elisdrtiom,

Iln.u rl.w. i wtroteled Trom dhis initial thicknoss, with rosadting
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explicitlhy de-pressuyised, Thus the seewingly simple PRESSURE operation in re-
ality roquired continmial contral, This was ondy possible beeause of the wature
of 1he desipis,

5.2.2 The RUN command and tho run file

Most of the comuands shown in the tables are self explunatory. The most
ipnedamendal of these wis the RUN: conosand, which condueted the testing.
Duriug sse of 1he other macro eotmuands, the vip remaiued esentially duaby’,
Tor Instanee tle RETRACT ! comnsand wonld retain control wail the tank was full,
ar the wser prossed a ey, ‘Phe vig opoeration wider macro conteol was thus siimple
and not {hneseritieal, The state of the rig alter each comnsord was stitie: 1 an
orror orcnrred in maero execntion the dp wondd never bo in g dungerouns dynamie
state, "The RUN comuand usod & proscompiled run file to control elements of the
ripg during the highly dvuamie teding phsse, To exevnte o test, this ronnnand
witn passeed the mame of the tun file as an arpunent, for egan ple RUN:thiofile
woukd mn the experimental test defined by thdsfilo.mov,

The syntnx of the enn file ix given in section ¥.11 Simply put. the experisens
tid tost wis dedined Dy oo test Hie Ghat stated the tindiy and sequence of tasks
repilved during testing. Eueh lne of 1his file rogpdred theee paeauaeders: the
first wiws the time of exerntion, the seromd the conmamd, amwd the last was the
commistid paramder, Tlis fle had 1o e compild belore it conld be exeeuted.
The compller cheeked for syutux ecvors wd produeed o binaey Gle that allowed
lek exeention®, ‘Thiv compiled file was Joaded from disk when the B come
miand was hvoked, Subseguoent fines had to have identieal or fuereasing values
of time to the precoding line, Any excoptions ta this were strippoed out by the
compilor, The comuaned pare of the acpinaent conld he any o of the threes
fettor charactor strlups piven in tabde .30 wied the natwre of Ue thivd paraseter
arptinoent §s alse shown in () table, "The detailed stenetnee of the testing subs
wystet i adesevibed v appendiz B Iy essonce, cach conmnand in the mnsdile
peeforiied a basic tasd at o covtadn thue, Sane of these were simple actious,
far fustianee oponing oF clesing o alve, or starting gequisition o the LDV,
(ther, more eomples tusks, el ax (e dypnpiv conteot of the Qo conld be
fully controlled frons the vvn-lile, The How was allowed to vary in three ways;
polynemnind, sivnsoidal aud exponential. These are shown below in squations
(5.1}

i : "
A oly Qe pho + bes ek < !"'i .
Qt”tl‘ig iy fo 1 by sinthy » 1), (5.1

Q'[”pgp Qumx Un‘u i JI‘] l‘xll{k;g v ”] .

"Itlﬁ‘l‘]lﬂ‘lﬁlﬁ the test file durdag tentang would Tuwe hoen Tustl sow aud dungerovy,
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Turthor to this it wins speeified tiat the comtnands be readily combinable fnto
short progras o *utieros's s allowing antonted exeeution of sequences of
cennuaets, Undorlving the jnterpeetative fronteeud, titne eritival control aned
acgnisitiot was (o ocenr wiseel byt nser,

8.2 The main control software

Due to the complex uadure of the wain software, space will not allow a detailed
tleseription of all its compouent parts, amd the reader Is reforred to appendis 1§
for further detuil. "This section containa a briel Tnetional deseription of the
oloments of the soltwere important to the control and the acguivition,

5.2.1 Command interface

From the user's polnt of view, the main software cousisted of 8 command tor-
minal at which control compuunls corld be sutered, Below this tevminal there
wad o statls avei, where the stiade of the v, aud other importint paraieters
were presented, The termiual window haed o prowmpt ab which the control coms.
il conld e typed, Previons cominsicdy serolie]d up the sereen (el ke
a UNIX termminal or DOS serecn) aud o hadlfer stoved the Jast 30 comummds,
allowing the aser to recall eounoen instruetions quickly wsingg the arrow keys,
The conmuukls were all enteved using o shaple syntax, and the Gl conunand
sot In plven in tuble EL ol the appondix, Bael continnd was eoncerned with o
particular tasl; for instaaee e conunand PREBSURE would cuuse the tauk to be
pressurised, Every camponent of the vig could be controlied fron the command
line, aned Duethey ok were concorned with altering parimotors sueh as
rouversion fnetors and conntor settings, All conmunds were however stadie in
natwres thit 38 ench peeformed its action and ey retnened control to the wser,
The highly dypumiv control of the acquigition was the responsibility of o singlo
fuuetion = the RUN connnand, whiel i deseribod in detail luter,

The smunar pld be combined fute short progooms or naeros, Essontially
#TD Wi oxt e containivg Kues of commuands, ‘The macre envivouwment
abso allowndd the vse of some exteaded commueds converied with progrm con-
trel and loopiug,  The buste maero spntax i piven i seetion 18,214 and the
extende] comumand set i ahown i telide 1.2, The looping mul other program
totirol connunids weye very hisie, Fesentially there was a erude FOR loop, &
GQOTO statement wiel a nseor input DECISION connmmd, but this was sufllefent
o allow Tairly complex control of the apparatas, Cononand exeention erenryed
at a high levelo Al the whide low level monitoriug of the g ensreod saloty
and fexibility which wounldd not have heen possilide had the congiuts beon for
fustiuer separate propraws,. For oxamgle the PRESSURE rowmtnand canswed the
pip Lo pressurie aued (how vetirued waetr comtrol, [Towever the low level conirol
elemeuts vontinned to monitor sl control the prosstre wutil the aystenn wos
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The shuve deseription of QO is very briel, and there ate detailod books avail-
able on the subjeet [[ombangh of o (1091), Jucohson of el (1992), Booch
(1040)). This dipression ou (he QOP philosoply was necesaty to explain how
the complicated data aceisition svatent conld be written within o year without
Ay major [laws aned proliems, Basieally the philosopliy allows g very robast
il penovie system to bee developed guickly. iF the correct aljoet alstractions
of the veal world ate applied. A gross mewsare of the saeeess of the approwels
ix the munher of Baes of code (excluling coniments) generated, In the present
ease gver 32 400 Lines were wiitton, The resulting soltware is oxtromely rolnsst,
el the only places where problems did avise wete explicitly due to shovteeuts
taken to save tinge, oot dae to ankuown prograning crrors,

5.1.2 User interface

The previons Hewletto-Packard 9836 spstem war brielly mentioned fo the pre-
viones clupter. Tle opevating systent ol Dis maeldne wis essentinlly o BASIC
interpyetor, mnd the acguisition software was a simpbs sot of BARIC progrins.
Tlids systent, while vory slow, hekl some junate advantages. For bstanes a A
SIC conannud to opevate e pammgs condd be gawed diveetly from the contaatid
proap, as well as Befnp ineluded iy some exoeutubie propgeam. In the enerent
tlosidggt Bt waw deeded Lo avold o more nsund fuflecdbde mowr awd windowing w-
proach commonly seen in conunercln softwnre paclages, simply beeaise the i
vontrol amd acquisltion was fnherently o commind bised provess. In avder (o
retadn the Hexibility of the P paesadipnn while allowing high spoed reil-thae
control, a siinple comtsiad processar [eont-end o the package wos envlk foneds
offoetively an eumlation of the old 1Y svstoun, The user sereen i shown in
fipure 5.1 holow,
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Fignre 5,1 The wser nterface soreon,

Tl desdpn specification wis 1o iave o textaal user juterfuce at which the opers
wtor cotthl evpe i appropridde comtoands {Le. RETRACT to rotract the Mston),
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5.1.1 Object-orientation

At the ontset of the projeet, the Object Oriented Prosgamtoing (QUP) technigue

fs devoloping commoereially and an objeet ovented version of Borkad Pasenl
{vorsion 5.5) beeame available. The QO philosophy wie adopted fu {ts entirety
for development of the westemne In oxder to gudepstasa the werits of object
vrientation in software desipn, a short explanation of iz prineiples needs to
rivow,

Fundanentally, the QOD recludyque allows (e coneept of encepsulation in
software design, Instead of the conunon variablepassdug, or globad vaviabilos of
say FORTRAN, the QU phileoply worke: with objects hata awd esde are no
louger weparate, but ave connbine] into ettities, Ina sepse the abjeet *knows™
ubowit ity owu Behaviour and how to nplewent i, For fustauee, fustead ol
lswing, a fanetion that, say displays dita passed i an argnment to it geaditional
approachl with QO the data knows hiew 1o display i$self.

Ohjects ustully reprosent sloments of the real worlds Tor fnstanee an objoet
woukd be ereated e the stepper-mator deive, The iutersals of the objeet wookd
vonerrn el with the inner workings of the clmaents for whivh it win responsibile
(Lo, writing spoeiliv commauds to the stopper coltrol box), wiile the interface
= the conpaaneds used by other code fuvoking the oliject < wonkd be geaevie, For
justunee in the stopperanotor case, the interface woull consist of  unnauds
steh ax otoppors . Move (200): thux the details of the ateppey contrul are hidden
and wiavailable for divees ianipitlation, The wsep of an shiers stinply ealls high
level, genevie and commonesense connuspds, This i termed saeaprulation. Tt
aHows seetioms of the code ta be Qeliygged in iselation loesiee of the modualarity
of dewten the method endoeeos,

Anotlior cven ware powerlnd wechanisan of the OO methodology 8 what i«
tornend Inheritance, A punerie areestor ohijeet ean be st w)y that vepresents
the hehavionr of, for utanes, all wovement deviees (stepper-motoss, Hnear ae-
tuatoes, oty Tt does nothing « I offoetively o place-liolder” [or al) objeets
with sindflar bebavienr, and merely Jdefines o set of fnetions that wll moveient
sdeviteed luwve i eommor. Devices snel ud the steppep-mstors oz (e Boear actu-
atog shure e Disie beluwdonr ol tads abesteaet obgdeet, but adid implagentation.
specifie interual opetations 1o the obieet (ui Sasntiee the Movo cattnaml st
aetlly wesee the stepper mator), ‘Flins these speciie objeets Saherit' from the
Tnsse absfeet, Lnt exteikd its hoehaviour, The power of the approweh lies o the wuy
the indevitanee i wiod, Software using, the olsjeet ueed ot be coneerned with
whit tvpe of ohjoet it i dealing with, so long as it uses the generde aneostor
inteefaces, ‘To continne the example, the program can shugly tell o moveinent
tleviee b wove (APaxdaculazDovico.Move(e ) ) M thit deviee I 4 slepper-
mutar, speeiie code will move the steppee, whike 4 B tle linear acetuator it
will abso move.

e anthropemorphivin secinn sdratgge g iy neeeseary te oxpliain Che Livie principles of
the method simypshy.



Chapter 5

The acquisition & control
software system

The Het of vontrollabile o wieasanting hadware companents given i the previons
chapter wix extensive, Fhese flems were all congeetod to tie saln coutrol
compiter, mal tots the hiph level coutrol of the entive vig was the exelidve
respousibility of o sipele soltware propria This clapter outlines the general
philosopliy behhwd the design of this progeam, amd then briefly deseribes its
user torfice and operation, The deseription of the breenn] soltware sieture
iv enrsory, but o detadled topelevel desipn i piven b appendix 1

The nmely siupler avquisition progeam sesident on the acquisition conggmters
i also dbavaiod, The slave LDY wehine < hoth havdwire and soltware = in
readity simply constitnted « periphieral cotuponent of the wain compmter; hiew-
ever Beeiie of it huportanee, and heepse #x voskdont software progean was
dovelopoed copether with the main svstein, ity deseription iv incdaded here,

5.1 Basic design considorations

The hardware choire for (e sestemn wa an IRM comprtible systom ax deseriled
i seetion 3ol usingg the MS-DOS opevating systons Many soltware development
tools were avidlable for this platforn, and Beorlaad ‘Turbo Paseal wag closen
lecatse of its power, ee of nse, and the fanillaeity of the author with itt, The
conpiler vised was fnitdly version 30, i vorsdon T owis avaeilable Ty the thne
the fittel code wi vonpilid,

Db € Tanpiasge wins eoteicloved, Bt at that tage the Barbimed product was not stabibe
ather mantifacturer' o compilets (Micoeoft) were oo expensive, and te Dordand bplementis
tian of Paseal wive il ouy ede Binated Qo O wan,
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4.6 Summary

The desigy of tlwe LDV sopporting apparatus, eig and control hardware was
deswrilapd fu this chapeer. The desigp was very peuoral, peritting o beoad vnge
of exporimentation to be condneted, However, all the equipoont deseeibed bope
wuw fncupable of auy omphieated acquisition or control without the presence
of sowe rontrelling, soltware on 1he maiu computer, To this end a dedicated
vagpter programn was developed 1o ontrot the rig, wid this is desepibed in the
followiup chaptor,
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4.5 Qverall desipn considerations

Avoidanco of corrosion

Except for the frout wall of the pressare tank, some sall pipe fittings and
the flow valves, the rapainder of the rig was entirely nowecorvosive, This waw
done to avokl poor LIW slpuals cansed by fonling of the water by corrosion, In
previous test rigs ad the miversity, the uxe of a epst iron pamp asd moany mwetal
components vesufted ju poor and neisy LDV signals after o day of operation.
The prosent syatenn could operate for o fortujght withont substantial degrading
of the LDV signal, except for seithiys of seeding poreticles which resnlted in a
deerense in the dita tete, whieh had to be counteracted siniply by adding more,

Avoldance of clectrieal Intorforence

Control cables to the valves eavried w 2-10 'V analogue sigual, while the solenoid
win aetiabed with o 220 'V AC snpphes. Morveovor the teoiperatitre control cables
wore ecarrviug high enrrent at 350 V. Thos in general there was o lot of eleetrdeal
noike sourees in the laboratory to intecfore with sensdtive signals such ns those to
the walves, "To specifieally avaid this problem, all live power analogue lines woere
sldekled from voneees of noise, by running them in separate carthed conduits,

Safsiy

Dus to the faet that the systein operated at proxsure, sufety wax of concern,
Virious deshen decistons wore made to minhindse nay dauger, while uot interforiug
with the working of the rig, An unavoidable risk was shoat of the pipe breaking,
Thore wis 110 way du the eteront design to avold all the water (vom the tank
discharging outa the Hoop, hoeinse o valve could be placed upstromn of the ginss
pipes However messures were talies to allow quick veuting of the tank pressre
should any suel eventuality ovene while the vig wan mdor pressure, These were
Lzlewmented in the computer control systenn, deseribed fa the following chaptes,
Concoridng the possibility of power failure, all valves were chosen to revers to the
sitfent possible position weder suell conditious; for instance the ale solenoids on
the hack of the (ank yolowsed ale i power was renioved, and all the downstronn
vilves eloned, As mationed sinlier, the ower taok condild contain the entire rig's
wator, thus auy diselneee of the g due to malfunetion could be contalued. Al
other sufeky measures were fwpletented vin sofoware, fov instanee the progran
woul! inmmediately abovt goy test i quy ervor conditions were detected, for
itstatiee averseruge an the pston position. or zero llow on the fJowmeier when
there shanld have been How, Those safety Tealnres are disenssed in detadl o the
uext chapter,
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The selenold valve reguived a 220 V AC signal to open. This was supplied from
a four clnel relay box that was diiven by <digiial nes from the PC36 cavd,
The sigual feom the card wav amplified wwing o transistor bridge (the relay hox
had its own 12 V power snpply) allowlug the 220V iaput to the box to be
directod ont vie four pluge to various coutrollable deviced. The solenoid was
divectly snpplivd with ewrrent {pomn this wnit, The other three channels were
vl for other components,

4.4.9 Tho llowmetor

The lowmeter uni! was doserilid eaclior, in section 42,4 Fhe remote nieasuring,
nnit comunuieate.d to the control madt (mounted near the computer) vie a serial
link. A variety of signals were pvailable from this unit, among them a 4 - 20 A
slgnal, proportional to the lowrate in the proeset range. An with the valves, it
wis trivind to convert this sigual to vollage, Iere cnlibration was importaut,
winee the acetal vilue of the voltage indleated fowrate. The AD cavd waa
faetovy valibpated, but it was uneertain whether tlis ealileation was correet, It
was devided to Teave out direct callbration, rather to use LDV data to calibrats
the nudt later, This proees, cargied ont in secdon 7.5.3 on page 1234 chowed
that t]eve wiet indeed an egror ju the flowmeter, guite probaldy due in part to
the AD vard, (niibrativn by this means was adeptad because it revonled tho
total orrar of wll the components of the meagnreniout,

4,4.10 Pump & tank control

The downstremn pump - nsingle phose, 220V deviee - was simply vontrolled by
o channel Lo the relay box deseribed earlier, Vindous elewtenis of the pressure
tank shown ln Qgure L3 were vither controllable or cond be measured. The
supply aned relief ~olenoid ou the back of the tank (wired in paxsllel) could be
opened or closed simultaneowsdy by supplying o 220V osignal. The sinall bloed
valve wis also actuated hy 220 V. The other devieos on the tank wero a pressure
transdueer [Watgon Smith model 53701307, range 0 < 3.0 bar, 4~ 20 mA sigunl
and & vheostat for sensing the piston position,  Both thess anits returned an
anlogue kignal, nnd the acquisition chaunels wsed for these deviees ave shows
in tahle L1, 1he ehieostut, belug a resistive doviee, had to be supplied with n
voltage, A twelve valt Hue [eain the AD eard was hrought to the rheostat, ad
vin o shinple elreadt, the ontpat wis brouglit into the range 0--10 'V, for the entire
vange of rotation of the device, The position of Hie piston was lnferred Grom the
aupport linkage, using o pulley on the cheostae attached with Dahing gnt to the
linkagre. Tnis pesition information was sed for safoty purposes and to aseoriain
whether the tauk was full, thus the inprecision of this simple werans anent wos
not huporiant,
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4.4.7 Analogue J/O system

Muay of the periphoral control aud acgnisition devieos required or returned an
snalogue voltage sigial - the linear retuator above roguired a 010 V, while the
flowietor reburned o voltage i this rauge. An Eagle cleetric PC3OB analogue
acemisition card wag used to read in aed put ont analogue data,

This enrd waz nounted in the main computer, and L twelve analogue channels:
four for output and eight for input, The resolution oi the input chaunels was 12
Dits, i the range 0 - 10 ¥, wlile only two of the omtput channels operatod at
12 bits, the remaining two only supplied 8 bit revolution. Intevfce to the cord
was via a 50 phn D' connector ou the back of the machine, A shiclded eable
way made np, to take the sipnal connections from the back of the computer to
a counector box, Thisx connector box wax propeely shielded and carthed, and
on dts front facy Dl twelve BNC bayonet connectors, to aliow the separate
nunlagne chanpels to be disteilniged v co-axial cnble, The inmits awd outputs
were conuoeted as shown fn table 1,1 helow:

Table 4.1 The aunlopue conneetions.

Divoction | Resolntion | Clhuunel | Use
input 12 0 {lowmoter
i3 1 tank pressuve
transducer
12 2 Diston position
12 i upused
output 12 0 large clectro-
putwnatic valve
12 1 smnll electro-
pueniuntic valve
[ 2 lnear actuator
R K mnisel

The A/D eavd adso contained 24 digital Ines (another 8265 I/Q elip on-board),
some of which were used for contro] of the other clements of the vig,

4.4,8 Valve control

The two clectrospnenniatic valves wore controlled using the analogue output
channely shown jn table L1, This sigual was 000V, while the valves expected o
4 == 20 wA signas The oue wax vasily couverted into the other by the insertion
of a 500 §2 veskitor 0 sories with the sigual, Thix wag doue ot the valve, High
nbsolute aceuraey of the conversion was pob impoertant beeanse whaolate vakve
opening had no weaning: ther relative positioning by the control software
wi the preveguisite. The resuliant vallage range 1o opernte the valve wis thus
3w 10V, the lower sipnnd just nnseating tie deviee,
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4.4.8 Pogition control devices & limit switches

Stepper-motars are acenrate foedeforward’ devices, in that thoy can be moved
ta n chosen destination without monitoving their wotion ar position, However,
it the current context, highly seeurate information vould not be gathered from
thelr prospective positions , flrstly beeanse of backlush in the gearing system of
the beneh, and secondly beeause the motors were prone 16 missiug steps from
thue to thne. Considering the linear actuator, this device returned oxtremely
erude position information, from o simple rheostat mounted on the gearbos.

Tu order o acquire neenrate benel position iuformation, lnear position encoders
[Tekel ROMSOC/ 100 werles] were attached to the transverse and vertieal axes,
while o rotary encoder [Tekel TKG61) was fixed to the axial co-ordinate of the
bench, The rotaey deviee was used to reduee costs (s 4.0m axial encoder was
proluibitively expensive) and becmse this axie dicd not requive hiph vesolution.

All thyes. deviees wore capuble of resolning to 10 o, although temperature
varintions and styactural lexibility of the vig reduesd the acenracy of this Agure
to about 50 pon in reality, Signals from all thoee encoders were relayed divectly
to a costomebuflt acquigition card iu the madn controlling computer, This device
almply had tlirce registors that conld be vead by the computer, each contuining
the current woasurement from colseentive axes,

Limit switches were attoched to the travewsing bed in oxder to determine the
maxiunun travel of the bench, aied tlne to aliow interruption of beneh imovermneut,
Thore were si. -witches in total - two per nxds - and the signal from thesoe
clements wa fed directly to the computor via six Input Unes on a PC3G digitat
I/0 board. This board was effectlvely identieal to half of the PU14 board
deseriled enrliey, ineorporatiug only o single 8256 I/0 chip. Data from these
lines inforined the controlling progran to cense wovement upon receiving the
appropricte Hmit sipnal,

4.4.6 Measurement of small laser position

The sl traversing beweh ondy hwd vue degeee of reedons, "This meant it
Lt to be positioned acenrately near the How and aligned with the pipe, The
alignment provodure I deseribed later, fu seetion 7.2 of chapror 6. Neither the
mavement or position of this beneh were governed by computer; rather manually,
by wljustment of o kuok, To cdetermine the vadial position accurately, a dial
gouge wis attached to the small beneh amd measured its relative movewment in
the ractin] position to within .01 mm, Ax wath the lagge unit, thls measurotnont
was relntive to sune arbitrary hench starting position, and not to the pipe, The
details of ealthrating this distance measupoment to colnckle with the pipe origin
wid patt of the data processing disewssed iy seetion 7.2 on page 103,
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uoedl to measure thue by allowing its counter to deerement from value 65535 to 0
continnally, The controlling computer program stored the number of times the
connter ‘ciocked over' to 63535, aud thus, knowing the counter rate, the time iy
seconds of o spocilic evont could be aseertained. The chip conld use a nunber
of data sourees for o tiine base: the computer's rlock (inaceurate), an internal
oscillator, or an exterunl data line. To achieve a uniform time base bhetween
all three computers, this timiug chip In cach slave compnter was synelivonised
extornally with n sigual feom an identical chip on the main computer’s PCL4
card, Thus any newd for syuchyonisation of time Loses hetween compnters was
avoidea aud ouly the main computer elock needed to be calibrated.

The primary function of the siavs machine was shuply to act a8 o ‘memory-
box', with the ability of atoriug large quantities of LDV data whea told te do
0. In fact the wie of a contpater in this role was only decided upon when it was
realised that the assembly of a simple wmemory buffer would be too expensive:-
The cconomy of kealen resalted inan eutive computer costing substantially less
thau the develapment of a dedivated memory box, The absouee of hard-drives
amd other bigh specification peripherals was simply to keep the price low,

4.4.3 Stepper-motor drive units

The two horizontal co-ordinates of the teaversing boed were powered Ly stepper-
motors. These were coutrolled by a Digiplan CBD30 two channel steppor-motor
drive, which conueeted to the computer via a serinl cor-weetion, Communnds were
jaseed to the hox using shuple ASCII strings, sueh us X, 100, meoning ® move the
x-ro-ordinate motor by 100 steps®, The anit could move the motors at variable
rates, simultanenusly, az well as aceelerating and decelerating thein in a chosen
manuer, Interual bulfering of commands was permitted, thns the box could he
instructed in an nsyachronons manuer.

4.4.4 Linear actuator unit

In prder to control the vertical DC aeinptor aceurately, a DC motor controller,
aperating ou the pulseewilil principle’, was used. This unit accepted ag an
fnput signal o voltage in the vange O~ 10V, with § V the ‘zere’ position,
This voltage signal could be provided divectly from the analogue/digital card
{leseribed later),

Botl stepper-motors aud actuator il a satety ncerlock that was conweeted to
 lutched relay control. ‘The interlock had to specilically be defeated overy time
the vystem wis powered on, k! could e acturted by a button on the front face
of the computer, thns inpuediately stopping any wovement,

TSimply put, Instewd of reduciang voltage te slow (e motor, the unit supplies a squate wavo
at high voltage, and siply varies the whdth of the power pulre.
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4.4.1 LDV acquisition sub-system

Thia systean as mentioned consistwd of the two identical acquisition computers.
Those machines were cach IBAI compatible AT 286 rouning at 20 MHz, They
had no hard diive - only a singde floppy - but were fittod with 4 megabytes
(Mb) of memory. They wore vach fitted with an Eagle Eloctrie PC14 digital
input/outpat (/G capd, to allow comnumication with the LDV signal counter
axl to send data to the main compater. The PCL4 cards used the de foeto 170
chip; the Intel 8058, This chip allowed up to 24 lines of high speed buffered digi-
tal I/O. These cards allowed sample-aud-liold acquisition to be carried out with
the sigual processors: the card conld poll data independently of the computoer
CPU, which simplilied the acquisition software desigu considernbly, Figure 4.16
shows the data intereonnections between the sipnad counter, polling computer
and main compuder,
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Tigure 4.16: The digital data liues between the polling computer, the signal
eounter and the host computer,

The PCL4 card also supported o card-to-eard, dual handshaking conunnuien-
thon, In this mocde, two PO cards in separate computers conkl be made to
comnmuticate with one another, This meclianism wias wied to allow transfer of
datn betwoen the stuve machine amd the nnin computer, This ronneetion s
showt i fgure 4.16, between CN2-A on the sieve acquisition macliine {on the
left) and CN1-A ou the host computer {on the vight).

4.4.2 Timiug

Tie base information on the counters was provided by a thoer chiy on the PCL4
earch; the Intel 8253, o blgh speed 16 bit countedown timer, This chip could be
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wltere (hnax wirs the masinaon range of the flowweter. o the oevent vase, the
flowinet or was seot te ive s maxinnon range of 2 1/

The commstcetent uf the LDV arguisition s hedicated by the Boae 0 slave 13
next the valve ix prosopeusd 1o position 1200 {the total eayge of operating Deing;
KOO < vadne < J086Y el ¢ dosed loop cantrol (@ PID 1) b instantiated, All theee
of these cotnmands wre oxeented seguentinlly at time #2080 Tu this particntar
ense L test was allowed fo ran for 705 seconds, at which tine the closad loop
coptro wis stopreds s was the LDV data acgnisition, "' osyster antamatieadly
releated pressure on the heder tank. and ensured zero flow iy the system ot the
encd of the ranefile 1hoes the fast two lines of Qs ile wepe jo fact pedundant,

The rap-file given in e G3 s only o partionlar instases of sn expotiential
rui=filo; to achdeve tHhe virdous aecedesations used daviig teating, the various How
rolstinhs wore vatiod suibabiy as wis e daration of the festing, Towever, ol
the runsfiles sad mperos w ol in hoth tle prelimivary testing and the lina
experhnentation were based ou the form of those shown fn fipares 6.1, 6.2
amel 6.3 aliove,

As meutiotied eavlber, (he duple seloction of How coustants ki not guavantes
that a partieulay ow conld be attained in practice, An optina combination
of the conteod values and vip soltings wore noeled to achiove w chosen ow vad-
w i Heving mauapged to attaiie s peseral method for ponernting exponontink
Hove s o proliminary investipation using, the LDV flow measayement deviee was
conduetod, fn urdey to obtajn o gopernd picture of the Jow phonmnena in the
pipe. The following keetlon s coneer i+ witls these proliminary nvestigntions,
il the ewerpent browd conelaions.

6.3 Preliminary tosting

The anremation of the entive How apporatus sllowed « quick initind investigation
of the tow the contral metn conkd he s as often ad desived, with the LDV
ineieandng volue positioued appropriately auywhore in the flow, The bohaviour
of the flow wax initially completely wiksown: to obtain wy fnithal pleture of the
How, & partienber exponentiz] flow variation was chosen? and the LDV measnring
voline was pesitioned Far downstioam in e coptreline of the pipe,

e sets pestlting om these tests were Histly (e lowmeter aata by which
eompichons coultdl be nuele o the oxpected low vaelation, and seeondly ab
LDV veoeitytitine trnee (o the point of weasurement. Pirstly, the fullowing
section disetses The peuerie pre- processing neesssary to wake thie LIV data
more needi,

AT variatinn e Fact corteponded to that shown for the West BXEI o e tible 7.3 fiven
in the Ddlowing clupter,
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Run-lile cantrol

The coninatel RUNEXBE prosend ju baath lipares 6.1 and 6.2 b contral to the
actitd runniug of the partionlar test. Phis cosamand exeeutes the compiled
runsfilr natued EXPF, Fle infbrination contaiped in s manedile pertains to the
getual enpth ol bestiug, aied e natiaee of the ow variation in time. The sep-
aration of werwal contesd (interpreted snaero connnnidz) s ropetinge eotrol
(el compited onetiled wus deseribhed in detall in seetion 5.2, and wis necessy
to wliow quick, sade and fexible data aeguisition and real-time g control, The
raa-file BXPE nwer] du the meros abiove §s 0 sown o limaoee 6.3,

% Accoloration Movemont f£ile, Exponential B

%

% Veluso of the paramotors for oxpenential ...
% pki=0.001, pk2o0.03, phkied;

% Q = fQomax » (PKO + PKL = oxp (PK2 »t))

%

o PK2 0.03
0 PRO 0.0

¢ PK1 0.084
o PTY 2

{0 aloavo 1
O Yalve 1200

i PID 1
75 PID 4]
786 8love O

Fremee i A vansdile to control the flow to w partlendar exponentia] aceolornd fo,
wndd aeguive LDV dues 1herefrou.

The % syubol indicates that the vest of the Tue 8 o comment, Boeh line fu the
pnfile conedsts of thyee partse the st muwber Leing the tiue of exeention in
soeaids (2oeo bodag e comineneeiient of exeention of tie mnsfile commsaned
0 BID 1), the seeund « muewonie » argtuaent ndieating what action to take,
vuel the final patutneter the value the action amst take, The run-file shown
in lignre 6.3 consists of two parts. The fiest foor conunauts set the viues of
the control constasds e miemonie PIY was sot 1o vabne 8, indicsting thot an
exponentinl acceleration was deslred?, The coustants PRO, PRL andd PX2 wore set
ter the indieated valies, in order to generate o Bowrate wacintion of tie form

Q-

VA value of 0 fudivated o Hnear o vatation, while 1 pretluced o spusoidad one, The othee
thtee vonstonts hind dilfetest intergretations weeanding to the tepe of Row destned.

(ay * IPRO + PKLexp (PK2 1Y, (6.3
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the actual testing, mind §x doseribed below.

TRANSFER: Rotviove the shata fromn the LDV acquisition computers wud store it
loeatly in memory,

VIEW: Breente he interapetive graphical viewiog shell, allowing the user to view
the LIV wnd fowineter dita.

INPUT:VARS, ... Drowpt the wser for o file name wud store 1t in the variable
VARE.

SAVE: VARS Save the LIV and other duti using the file mone entered above,

The macro given i fignre 6.0 geeded geer intogaction to viow the data, and then
to cnter a file naine, In e eases where 3t way necessary to repost an identiont
run # nuber of thoes, o siugle waere coukd be hnploneated to achieve this
Fignee 6.2 shows o (yvpival such wacro,

INFO: Gonoric accoleratien moero = multi-ghot
RETRACT:
SETPRESS: 2
CHANHELS 2
SETTLE: 60
PRESBURE:
SETTLE: 2
RUN:EXPF
TRANSFER:
SAVE: EFO_0000
BETTLE: 60
PRESSURE:
SETTLE:2
RUN:EXPF
TRANSFER:
BAVE:EFD, 0001

RETRACT

END:

Fimwe 4 The nanvern to exeente putltiple acquisition s on the aegquisition
systoul,

In this muera, the seguenee of ovents ol the internetive thaers aee copeated, mt
the interaetive comuands aee aitted, The exporlent @4 mn nmBtipl Hies by
vepeating the yelovant cormpaads {there weae oy very evide Joopiug conpuands
devbid for the commaud nterprote, To the curront implementation, the ted
wia ruy twice Defore vecharping the header tanle. Data was explieltly saved
to peticular file nmanes, By repeating the mero agiaen, the test conld e
repeated an wrbitoury wunber of times,
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up feenn the bottow eatelonent tank, The systemn was then allowed to settle
for a titue; theyeafter the rn wies inirfigted, At the end of the test, the maero
transloveed LDV data Drow the acquisition cotaputors to matn controller, dis-
pluved this information, aned then saveed # ta file, The flowineter data, which
wax negquited loeally on the control eotupnter, was alse saved to file at this stage
Figure 6.1 shiows o maero wsnd i the eurrent testing,

INFO: Qoneric ascoloratien mucro = 1 chot
RETRACT:
SETPRESS:2
CHARNELS:2
SETTLE:60
PRELSURE:
SETTLE: 2
RUN :EXPF
TRANSFER:
VIEW:
TNPUT:VARS,Entor £ilo namoe to navo (HAx.Xxxx):
SAVE: VARG
EYD:

Figuee 6.1 The imacve 1o egecute aaingde acquisiton van one the aequisition
systeln,

The seqrionee luitinted b (his tusero s oy follows:

RETRACT: 'The headoer tauk ix vecharped Ly pumpine water up from the lower

sltrape tunl:,

SETPRESS:2 The hewder tunk coutra] prossum i xek to 2 bars "The setual pross

sre w5 povernied ebiaavily By o o] supply repalidor, the control Lejng

Implernentedd Ly mieans of & ecd Sroo tlye task, To this cise (e vognlator was

sob Lo 1 bar, Retting the control presaae 1o 2 bar offectively overeode the come

puter's pressure control weclanban, This wag to allow e pressuee to hrease

contimnlly duchys the sarly stages of the test?, without being tindted of 1 Lar,

Fhis conmied diel pot canse the tank to presavia: i mevely set the conteol

level,

CHANNELS: 2 Use only the stvonsd LDV chaunel for polling. ‘The ayputient wi

chinuged to 3 Qogical T OI 23 i the case where Toth TOY chamwels wore to e

polted,

SETTLE: 60 Wait fur 64 revands hofore vontinming,.

PRESSURD: D'ressitirise the header tank.

SETTLE: 2 Wail for two secoqud: Befure continning, to allow the preeure to des

velop 1o a suitable evel.

RUN:BXPF Fixeeute 1lu- ronslile « sunued fu this case EXPF, ‘This runsfile comdnets
B sapply ta thie gepgnbatot waed s Bt Qnotelid, s that ity it pro ke of one Tie wan

untdy priveliend after aliont W0 seeonds Tig this waw i wies cteagosd that the pressnre was Jower af

the Beginuity of the ety taie elleetively allowingg the valve 1o centrol imste acentately here.
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quiele yesponse, espeeiaily for the Impdsive start!, It was doeided to restrict the
witking pressure for all the tests to 1 bar, for the reason that a 1.5 bar working
prossure was cor . el too close to the desipn nacin for the system, The
eliwon preswcove ocivere] sdeguite response or the prosent pagpose,

Valve chofew wis fuitislly restrieted by availability (tle smasll control valve was
not present at the comtnencetent ol testing), atul st the early tosts were cou-
shctod nshyg the Jurper valve ondve Tt was voadised that the big valve wis not
aptinm for the jower accelerations, «od thuk o smaller one war Instaflod for
the finid fow test, As well as -ghibithg botter response at the lower fowratoes,
the new valve allowed lower juit; d fmpaldve Rovnoltds munbers to be achioved,

The choiee of stidie vitlvo settings was sorwewhat arbitrary, Crigdely, those valves
wore adjusted so that the full working ranpe of the contyol valve eneo sl
thie full ranpge of the test, From this iuitia] estimate, the sctnes were sapther
aptimised by olworyfny, Oue sosultinge Bow and muddog fine adiustinenty aceord.

o In partivubr, the part of the Jow nost sensitive to theie adfastnents
aind tle impulsive staed amd the How hmiedintedy thevealter. Uuforlunstely, the
Lehwvlonr of thix part of the How wis conpled to the way the pressure iucroased
at the staet of the test jsee point 1 sbove] aud thus an iteretive solation way
emburked npon. The criterda wore that the vesltant flow had to vhow 1o over-
ahoet or other atomadios af ineeption, while st achieving the chosen maxinnm
flow rate lntey it the tost,

6.2.2 Computer control

The operustion af 1l v atud aequisition of daks during o oo was controlled
copletely by the main eomgpttog, Ak shown i elingter 4, the vl conkd he
contralled by nusos of teped comnuuds fssed to the maiy contzol compiter,
Cironpy of eommands canld be combined in o fle called o macro, allowing an-
tomntion of way sequence of el comuands, I the preseat cose, condral of
the expovewtind Lowsate amd sequisition of the LDV data wis bnplmoonted vla
i twaero el oefle {See seetion 532 for an ntrodaetion 1o these contral liles];
the ween contvolling the vig duehye privdng, awl settlug, while the ronefile
eantrolled the actual teting,

MMaero conteol

The preneral forn of the sxponeutial control wacre was inftially evident, aud all
stthseguent saetos sl in the stuedy wove based on the sane maero temphato,
T shart, che meeee ensared that the beader ik was full by pmuping water

A Wik prewsuge driving Jwael with flow reatieted, compured to s dow prowssre deiving howd
with lower testriction, ate mof eeprivalent, ever of they testlt in tie wiae derdy foweate, The
dviwanic seipoe of 1l svatian o, $QANY @ dizeetly propartionsl te the drivieg foree, ol
nther things lejngy vgual,
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6.2 Flow control

Porhaps the most important aspect of the experimentation was the aceurate
stiahwnent of an exponsutial loweate, The dysamnie nature of Chis rogquirenesst
neceesitnted eavelul considleration of @ wmber of factors coneeruing hoth the
flow rip aed control systeun Those elewments are disenssod bolow.

6.2,1 Rip settings

Ax diserssed i the previous chapter, the vp was ally automated, The user bt
control over oty o litited muuber of paraneders in orde to achiove o dostrod
How vardution, "I he desived temporal flow varistion was expoentily the control
software had the ability to controel the llow exponentinlly ax

Q o Qu tXp kf. Ui.l }

ane the user was capale of soleeting the constautn Qy and & at will, Tlowever,
auy arbiteary seleetinn of values would not necessnily result ina flow that could
e realised. Many other factors conteibuted to 2 choson flow being possible,
These wore:

(i) Prossure ln the header tank: This luel a diveet offeet on the maximum
Howrnte aehiovidle, and Ly that weans, it aifoeted the taoge of operation,
Tl pressure played o mujor pit u the sebeetion of the aptimal confign-
ration. More subtly, it wos possilile to allow the pressure io vary somewhat
duving the fost, belng fower at fivst, and ronching a fxed value well hito
the test. This wax Daplemented by throttling the prossars supply ne to
rednes the flowrate of e supplied alr, sileviating to sone extent the vidve
range of woveent,

{if) Choleo of valve; 'There were two dilferent sige vlectro-pmenatic rontrol
vidves to choose Sonn the spaalley one was wore suited to the lower How
ringes whereas the lweper one worked heiter for larger fowrates, Furthoer-
more the respotse aned thas maxinno attainable flow inerese diffored
boebwoeen the valves,

(itf) Static valve settings: The valve network had o sumber of diapheagin
awd ball valves i seriec with ihe control valves, fsee seetion 1.2.4] each of
whivh comled be sot 1o wodily the mape of the control vidves,

The vig pressave conhd be varied in the sange 0 ta L5 bar above atmospherie,
The saxinmm Revaokds wimber aeliveable s the Qigh pressuee (with uo down-
stremn resteletion) wis well in excess of X000, Preliminaey considerations dic-
tadeed that the supsply prossaye shoubd lae s high as possible, o order to ensure o
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invasiveness winl lineavity of the tool offset this disadvantage somoewhat, In order
to vlayily speciic issues coneerning this method of measurenent, a nomenelnore
fw introdueed to diseriminate the vavions elenents of the testing, Bolow ix listed
#, Lyief summary of the vaming couventions to le used i this study,

A elear dstiuetion noeds to be made hetween the various aspotis of the oxperi-
mental testing o avoitd confision. Iu goneral the ontive siudy consista of many
dilforent measnrements of o few Bow welatioms.  Terminology must be intro-
dueed 1o elurify what aspeet of the exporimentation is boeing roferred to. "To do
thin the folowing teray are defineds

RUN: A siugle measuroment taken, A s reguives that the rig undergo
one complete wmesurement eyele, o priming to setiling, and finally to the
reslinetion of a partienlar Qow variatfon in tihne within the pipe. A single set of
IV sud other velated data ave vaundly acynived per mn,

TEST: A purtienlar variation of te flowrate in tine, A test encompasses all
rins thit powsess the sane mean flow variation fn time,

STATION: Au axial position iu the pipe at which several runs may be cons
dueted. Usuully woset wonber af rans will Be conduacted st o partioedar axind
station for o particnlar test,

PROFILE: A sev of runs from a slugle test, eoach at the same axial statiou in
the pipe, and offsot endially one frow another snely that the radial varintion in
velocity across the pipe i scerurately doseriboed by thelr combinntion,

TIMING: Thix termn refovs to o set ol funs al a station used to infer the
incoption of transition in the pipe st that statiog,

Thns in the defliued terminolopy, the entive stidy consistod of o smber of tosts,
Fael tost consisted of many s, caclt condueted at o parteular axial station
in the pipe. At some of these stations, the runa defined & profile, while the
rind frewn the remaizcder of the stations weye used to fnfer timing (nfoxnation.
There were two aspeets to consider when eondueting the tests, ‘The primary one
was djusting the rvig settings and comtrol parncters to achiove a pre-defined
carintion in the Howrate with thnet subseguent to 1his the posltioning of the
LDV and method of dita acquisition had to be planned, The chapter coneerns
the prelimbiary fow coutrol amd data acquisition, while chapter 7 that follows
teserilae the the Sual LIV ieasnronents,



Chapter 6

Preliminary experimentatio

The oversll goul of the experimentation was to capture the bebaviour of the
{low in & exponentinlly aceelorating pipe entrance {low. Two broad aims were
initially apparent: Hrstiy, the radial vadation of the huudnar veloeity profile
In time at vurious paints in G pipe was of interest, aed seeomdly the intiol
manifertation of devintion from thix funinae stage within the pipe cuteanee was
important,

The general nature of the How Lehavionr was initially unknowu. Preliminary
experimentation was conducted 1o pseoptain the approximate hehnviour of the
systom.  Leading from this o methodieal approach was adopted, in oxder to
capture s wide range of the behavionrs of the systont, This chapter degeribes the
methods cmployed to measure the flow; fucthermore the aequisition of auxdliney
information snch ax the Howmeter dato is dsevssed, The wmajor seetions that
[ollow ench disensy a sopurate aspect of the experimental method frow o general
peespective, Emevging fom the Investigation in this chapter, mn experimental
moethodology wan docided npow, and this is direnssed in ehaptor 7 that follews,

6.1 Terminology

The LDV is a point measuromenl doviee, ouly capable of making o moeasurenient
nt o single place o the pipe of any one tine, Beeanse of this Haitation, in
artler to investipate multifavions uspeets of oxponentinlly iscreasing dows for any
perticuler Qow vaelntion, an klewticn] experiment needs to he run repeatedly,
with the LA measuriug volume positioned at different potuts i the pipe for
eacll run, The composite pictnre ol the developing flow systom ean then be
asetnbledd from these individual datae Bovanse of 1hds, the method s sensitive
o anottadies in the fows non-repeatable seeurrenees will hie shown st ouly some
weanuring pesitiony, nud naive interpeetation of the resulting composite data
vt lesed 1o fadse conclusions, However, us disenssed iu the ehapter 3, the nope

N
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(1,5 weconds, thus the time rosolution was about 10 = The uge of a further two
bytes for Hie weasurement allawed test times of up to 9 hours to he measuired,

The expanded memory of the empputer wis used to store the resultant data,
Thix was aceosstble ns 6! RKlwvte pages, thus after 65 538 data bytes had been
acquired, a time-constmning *page-swap’ hatl to be inplemented. This vesuleed
i sl gaps (=2 10 1) after overy block of data. Inthe ctrrent experimentation
{dnta rate < 500 Iz} the gap was, however, so small as to be wnnotieealle fn the
acquired datn, Although the data rate ceiling wans never achieoved in the present
reaclings, thoe speed of the loop was secrssary to onsitee thiat the data was not
alinsed. In the previous [II system the fuput port was polled at about 120 2.
ael the thue of acquisition of the data wis taken as the time of sampling, even
thonpht the diata may have heen tntelied on the pott for far longoer, This system
was thos prove to temporal olinsing. o the cnerent system, aliasing would have
oceurrod ot niooat 10 kB2, As mentioned, the maviiunn data rate during the
tost was ouly alwnt 500 Iz, The entrent system showed a marked incroase over
jt prodecessor, both in data rate (2 200x improvement) and fn its ability (o
poll sevoral chamols independentiy,

5.4 Summary

An extremely penerad data acguisition amd control system wag doveloped using
the objert-ovieted approach. which allowed the creation of a complex and in-
tegrated acguisition s control system, essential for the dynamic nature of the
testing, Altliouph the design was eostly in terms of development time, this was
neegssary in ovder to genctate atd measure complex flow variations with ease,
A munboer of advantages were apparent:

(1) The Hexibility of the interface wnd the resudtant ease with which maeros
anel run<files conld be asseaibled and wsed, allowed quick experimentation
with the various rig parnmetoss {control constants, aceclerations, ete.)
that n more rigid system would have pernitted,

{(if) Automation ensnred repeatability by vewoving homan error amd bins, aud
s allowed for acenrate testing,

() The system frood the user to concentrate on the more important aspeety
of experiientution, suel ws the dota itself,

Towever, a Ine strouper ease can possibly be made for the desigi that the ex-
perimentation woukl not have been possibie without the developiment of the yvig
kel contralling software, The detailed deseription of the vig and controlling soft-
ware was necessary (0 deseribe how (he complex exponential flow variations were
aelieved, The following chaptor now petar to mabters wmore closely associated
with fuid mechgies; the testing itself,
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Purge memory. The amount of datn stored on the slave computer was indi-
eated by an index jnto an areay of date, As datn was acequired, this mamber was
incvemented by one for eacl point measuved, Invoking the purge memory fune-
tion set thiz conuter to zero, effectively allowing data in the computer memory
t6 boe overwritten,

Set test time. The polling precedire, when initinted, continued for a set
duration belore terminatiug, This time {in seconds) was set using this conunand.

Poll data. ‘This, the wmost important operatiou of those lsted ahove, was
concevitedd with 1he actnal acquisition of data fromn the connter. When Chis
commuand was sued. acepisition was inunedintely initinted, and continued for
the tiwe set by the previous commmand. Running a test removed control fromn
the main loop for the duration of the test, and the aequisition could thuy not
be stopped, This fuflexibility wis necessary to allow the aequisition loop to poll
data at the maximn permissible rate, withont having to cheele the statun of
the communication port,

Get number of poiuts,  After polling, the mumber of points coukd he ohtnined
from the computer. pon recciving, this command the acquisition computer
transmitted this munher down the vetwork to the main computer., This was to
allow for memory allocatiot on the main imachine priot to transmission of the
datn.

Transmit data. The tramsanit conabad cansed the computer to make the
polled data avallable on the data fink, After issuing tlie couunnnd, the main
camputer made itself roady for recolpt of & block of data [rom the slave machine,
The size of the Dlock semt was restricted to G4 kilobytes or less, After the
transmission of cach block the main mackine verified veceipt, upon which the
slave mwachine trausinitied the size of the next block, This continued until the
slave trapsmitiod o zero block size, indieating completion, Iiach date point
comststed of T ytest three for thie velocity {rom the LDV, and four for the thae
valne,

The aceuisition Joop was coneernod with polling the counter duriug w teat, aed
transforyed anv readings to memory. It also measuved the thue at which the
countor was vowel, and transforeed this vilue to wmenoery as well, The thne data
consistod of - bytes ol information « 2 from the tiner chip, and two Indicating
the munber of tines tlds ter had "elocked” over, The velovity data wag simply
the three bytes of tdormation from the <igost counter, The loop terminated
when the naxinann time period was reached, By optimising the loop it Lee: v
possilde to poll the data at rates as high as 20 ki, The Uwer clocked over oy v
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5.3 Slave software

The jol: of the slave computers was to aequire data froan the signal connter via
the data link and store it i wemory, When reguived, these data had to be
sent te the maiu computer, which wonld process them farther. Fach action was
controlied completely by commuands sent from the eentral computer down this
Hult to the slave machine.

The slave compnters hact no hardalisk, thus they hooted the MS-DOS oporat-
ing wystesn from o doppy divk,. This floppy disk alse contalned the controlling
program, which was execnted antoatically after booting was eompleto; s
10 user intervention was required upon startsnp of those units, Basieally, the
program cousisted of o loop, the software continually polling the communica-
tion line to the maiu computer for a command, ¥ sneh a comnitd was seut
hy the controlling computer then the acquisition software would carry it out,
For instance, o eoonitnd could be sont to toll the acquisition unit to purge its
memory of old date, Upon receipt, the aeguisition cowputer would perform the
task and then return to the waiting state. A shple sebhematle vepresentation of
the program operation is shown in the flowehart in dgnee 5.2,

[1@_1““&"&5&“ s AL s R s .,.-.,.....-«-.-.......__,,..ﬁﬁ;m‘@

commpmd [~
2 i

“Mreset counter).
"[‘ﬁnnsl‘er dnlu] .

Figure 5.2 The datn acqulsition Jowehart,

Referying ta this figure, the program stavts when the machine in powered wp,
anc waits for o commnand, When o conmmand s rea ' the relovant portion of
code §s exxecuted depending on the value of that comma, 1 When the coiumand
hus finished executing, the propram contrel retuvns to the command polling
logp, This evele comimies until the exit command s isued, at which poiut
the progrun stops exeeuting. The sl connmands shown below are the wore
fmportant functions of e system,

Reset counter, This command set the signal comnter into an idle state, by
stopping data polting of the counter, It served to allow the conuter to read data
independent of the acquisition process, which wis wselnd hoeause it allowed the
data rate conntor on 1he auit's front face to poll the enerent data rate, & feature
necessury duriug adjustment of the LIV,
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ITere Qupax i the maximmu rauge of the flowmeter and # was the time in
secontls, ‘The type of variation and the varions constants in the equations could
be defined from within the mn-file,  Alter defining the type of variation, the
elosed loop control could he started or stopped Ly the PID command. Different
sequences of the equations conld e woed over diffevent portions of the feat,
allowing the asseanbly of a peneral fow vaciation in time, For the carrent testing,
only the exponentinl varition was useed, The ran command also polled analogue
data from the flowmoter (or other selected sources) during testing which was
stored locally in memoy, All events und data acguisition were synelironised
off a single timer chip, which operated to 10 ps resolution. Upon completion
of the rup-file or almormal terdnation (key prossed, tank ompty, ete.), control
returned to the commuand-lne interpreter nucd the data coultt be recovered hoth
fram the LDV machines amcd lovally fow the analogie subegydtom at leisare,
wsing forther mecro contiails,

In conelusion  the dividing of program control into two separate types: nou-
eritleal rig nclwdndstration' and thme-critical acquisftion and contro’, was the
optinmm solutiou to aflew accotnmodation of the peenliaritics of both

5.2.3 Automatic data conversion

The rig was fully sutomated, and the processing of the raw data fom the slave
conpitter wi done avcording to conversion factors swd paramelors cither cal-
calated by the computer, or loaded from & configuration fite,

The configuration llle contained parmneters suelt as the light frequency and
{ree-nir beaan angle of the Jaser for cach channel, Also contained here were pa-
rouneters sueh us the defndt feguencey shift and eyeies per buest. The frequeney
shiift, eyeles per burst el other parnmeters eould also be chianged ustug macro
commatiely, Fhe free-afe b angle was not the actua! anple of interseetion
of the beam within the How, due to optical distortions eoused Ly the matual
o, adr wnd water interfaces, A modude of the propram was concerned with
determlning the position and angle of the control volume using the speeified
growetry i combination with the prineiples of Snell’s Inw of refraction. Use
ing gevmetrlenl nformation retyieved o the conifguration file in combination
with inforwation obtained frow the beueh position sonsors, the actunl position
and Inteysoetion angle were ealenloted, "This salssvatom iy disenssed i favther
detadl in appendix B, The veloeity datn wits thus corvected according to the
change in beam angle within the plpe,

Udoriunately, the ximall LIV heid lid no position enecoder, aud this mecha-
nisin could not be used in copjunetion witlh measireinents from it. Dowoever,
mensuroieuts made in the horizontal divection ou the mojor distuster were
sitljeel (o ronsdant beam auvle deviation: this o constant corroction eonld he
sule to the data Intor,
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Purtherinore, ab eblive tost wis voferred to by a o lettor mune, the two lotior
prediz bejng ap ablses ation of that mune, Table 7.0 pives the Al panes and
abteviated prelises of the lests,

Table T.1: The naming convention for the experimental mms, showing their
ibsbrevintions awd fle bataes, ‘The tese o awd g badicate arbitrary utneriv

yalues,
Tost wine | Ablnevintod | Filo natne
S R template
EXPE T OTER P ERe yyn
FXIT Kl T pay
LEXIM It VG guin
IXPA FA FNa sy
FXPrn i FBa
FXIM® It "¢ oy
FXI'D I Flue g
S LBV G Gy nuna
LXID G Q8 aumy
GXIe Goe RIS
aXxXen G G wuuy

es {ua [ nav

The eonponent ¢ ol e file e fu tads fable wis wsed to denote e axial
stition of the vu These statious wepe shuplye ennmerated aceerding, to the ovder
ol testingn, Tais onsmeriation wies feoan 2o0a Lo mdme, thepeadter the alphabet wis
waand, Bepianing, af *AS and cantinming wntil o the stwdous had been labolled,
The conponents gy reterred 1 the particulary v at wstation. Regeated oms
i i station were ppain eniterated ssiig, Chis compotent, starting {rom 000,
aed eontiuning, as 003, 6802, ote, Tlns Gop instanee a sovies of 50 yuas b
tost TIXTEA nned slintion nonber € delining a velueity prodite wosdd e Tabeliod
TTAC o0t threued to ITAC U9, Where puns weee comdneted i vareving raelial
stations the vdial pesition of eack run wies stared sepacately na log booly
vamplicidions avishap from tesdg te epeode tielial position inte e Jile
pame wore thas avokled. The ausual muning, convention for the prelis G,
FXI'RY vesulted i the convention used in the prefiinitary testing, The vory
first profiminary test wis naned EXPA where the *EXD stood {or exponentia
aned the A dewoted this s the lird fest of the serfea, At this point jt wis
decisded to indroduee o inther level of divtinetion: all the "EXDE" teats had the
sne startior Revnodds unnder, the Ftlowing setios of tests, with a Jitforont
fpnlsive Bevnolls muder weve thivs donoted TXP awd w0 on Dillerentiad o
I ween dafa fron differeit sowrees (LY, lowmetor, ote,d wies by teans of 1he
lile extension ay suflix, The NS DOS opeeating, setom allows fles to bave up
to three alpliimerie chinsietets in this sadlix. Tabhe 7.2 Thds the sullixes that
were wsed, and the dida tepe (o which ey applicd,

The distar arguived duviug, o rma was sitowatically siveed G compnter hapd disk
secording, to e satiag, vonvention given by table 7.2, The acquisition channels



Chapter 7

Final testing and data
processing

Thee profiminary readinpgs of (he previms cliapier Judivated that e fwstabilite
orewted near the pipe inlet, i e homndary Byore Uaingg these obsorvistons,
a et hodolopy wan deeidded npow, inovder that the wasinnun informagion vane
corping the flow - both U Tamdiar vaviation snd the tasition plenotmeuon
= b eaptured eificiontly, This chapter disensses e met hodolapgy developod o
Bt he vaptare and deserilie the data, A ianing convention for 1he testing, is
intradneed fo simplify velevenee to the date Tater i the works Herealter (e
chosen patipgs of flwerite vaviat fonis B pivon, Fuacthoer sections aee coteeotated with
the sbeseviption of the two tepes aof misesuretents monely base flow aiuel siehile
v Finally, the Howmeter data §x cadibyated, aued the actnal flowrate vadation
oglven Lo eaely test,

7.1 Tost names and flowrate variation

A wwnber of dilferent expouential Hows were Divestisated, i arder to captare o
representative tpe of geceterations., "This seetion diseeaes e saining, conven-
tion nsed to denste the dilforent tests, and then jresents the expectd llowsate
variulion with titue {or ciwh ol these feuds,

Test naming convention

Twelve difforent tosts eomprising, twelve diffoves ow sate vindations) were con-
dvicted i total, These sepapidbe fests wope aeoiusn] disttet games, botls for the
prirpue of dita starage ile waies were reived ) amd to shimgdify relevence
to the dadas Faelt tost wis given o ntdgmee twa letter protisg all e retrjoverd
feomn i portiendar fost were stared wdng file wones hopinadygg with that prelis.

un
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sbott length, to be optinmin Jor strongly neeclerating tlows, It is thonght that
the lostantaneous aegabive pressuee pscdiont ocenerine dieing the overshom
dght Jiwe ndneed wosmadl amount of sepavation st the kel b startenp, s
originating the lmnp that vouveets downsieim,  In the presenst set-up the
coutraction was e, il Hlins veloeity redings could nat be comlnetod
within hix region to condivm or refute this. The lelaviouy of inlet contrartions
nder hiphly vnsteady cotelitions i wostudied at present, and waerats farthop
rescabel, In the lpht of the sensitivity to the sturt-up, great care was taken to
eliwitate the ovewrvence of overshool. The presence of oversl oot wis allveted
by nmonpst other fetors (he tank pressire al staet-np, valve solting, anld Sw
prespriming of the control vakve, The contval widve could Be wannally opened
Lefore ronnneneemont of the closed loop coutrol by dssuing the commind =
VALVE y in the mn-dile, where % was the thoe of oxecution awd y the vahwe 1o
whith the valve shonld be openad, By varviug, these twn paratetors, the vilve
vottld be rontrolled so thnd 16 wis apen by the correct wnonnt when closed-loms
control comtaens i, Thas in weldition te the ferative setaup doeded to produce
the covrect How, the tip settings had to siimnlaneosly ousure i peoger stagt-ug,

6.4 Summary

Thix chaptoer disewssml lroadly the fnitiad expeeimental fnvestigations and pre-
seled some early resnlis, A bylel consideration of the mature of the How devels
optrent in the pipe allowed o general nderstaading of the hehaviour of expos
wentlally aecelerating pipe entvanee flows, In particnlar, Bow breakdow n ju tHse
fhones wate seen 1o ovigiiede at the bowcdary Javer newr the plpe julot, Arising,
{rons this preliminary stwds, o methodology of testing was dovelupem), in order to
aptimally eaptnee the eavly laninary vodntion, and later incaleut beealidown,
of a broad range of exponeutindly varving ldlows, This methodolopy iy ceptnined
in the followiug chapter, where the specilic aspeets of the liual tostiog wid data
Processing are deseeiliod.
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swh tep, The dot teed Hue i che fipuee represouts the approximate hobavioar
wf thie llow wlien the b wis absent, The wass-low compensiting of the Qo
a1 pther radial stations, die 1o the presence of the g i the Dongdary ke,
seethed to beslipht. It wiss sof possihle to acenrately seasare (e details of His
Ty e o f1s erratie nature conpled with the point-gecaretens Bnitation
of the LA™ Au lustautanesns plohal mewagromeny of the vebeeite profile slagae
wotdd be reguived to aecupately deteriuine its extent ameld matnre,

Althengly the D was werryiug, its presonee or alsamre el uo discornilde
elfoet on the later tausition. The oy simply prew sty as it cotiveeted
downstrennt, amd the fow codtined to beluee 4 "o s ntmey s Lefore
whew the Innup had passasl, Beeaiae of i presenes, it wis decidod to petlinm
nmltiple experimettal yaus al cacl weasnveent <lakion, order that al et
i stnple v witfet e b wortld be captared, This was epectalle so whey
the dita wax to lie geed for the deterinitlon of vocity prefiles, wlere o
ropeatabifity of o phenomennn world pesalt in spdins frends bejap, cbown in
the procesed dats, The egueney of ocenyvenee und waptidinde of the lonmy
witd aggeravated by Ui madure of the duitiud implsive startap. A lope oy
conld e repeatubly repraduesl i wnay oerrsdicot was pevmited e the Towvate
at start-up, Convoselw o 'roundoed” sturtagp wine far Jows fuelined to produee
auy busp. Figwre 6.0 shows sehematically 1le diferent (epes of low startag,
sl their reandtunt effeets,

@ o ® pi | (c) ¢

LI T CT————

t ! !

Figure 6100 The varlons tepes of impuldve starts, in order of theire efleet wn
the flows (), rounded stovt; (i, fmgsmbsdve starks (o) auderslomped impalsive
sltart,

Tu ths fipnee, (2 represents the tdead start (o minimise ov eliuisate e preseqee
of the inlet bump, The npproximate tinsseade of the ronaded postion of the How
wecessiey was of the ovder ol wieder @ seend, To (D), ancidead”, Bagadsaee stayt
is mhowl, Sueh acsturd wis not physically posible dne to 1he wowmenion of the
{luiel anel vy conponents, T some of e prellininaey teste, Qows which semaed
to khowe proper ingulsive starts woere generated, Tnt thewe wleays produeed inlm
Dagags, Fle thied tvpe of stnet -« () « penerated larse and repeatable offeets,
While the [ipnrve shows the overshios! exappopeatod, e soallest aversliont was
suilleient 1o canse probleaes T faet the pevfoetly Topnldve’ starts seen i soue
of the preliwiney reswhts wore thoupelt (o rather he of the Jorm (¢), it with o
very siall overshioot, Beewnsae the (heoveGeally ded” st « staet ) - conbd
el D b tadned, 10 was devieded 1o logia caeh test with o ronnded stact (s,

T'he ettgse of Uhe plienotietion wiss nukuown, althonpl it wies thonpht 1o oddpinate
in the fudot contraction. The fudet bellemoutl was specilieally desipnied with o
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{23] which lowed tor a strour oseillictory strneture by the thie GUs i reachml, Ax
hefore, the dita heve i simaothed. Dt (e raw dati traees did sl show auy
tarbalent artolucts in this disturhied copion « all oseillatlons were of a lasisar
nature. The cenfreline frave (3) renined Luminar for e entive dhisation of
the tent, Traees {1) te (1) were yestricted to g vory sanal) portion of the pipe -
the repion 1« /R < 0883 The teaces finm the oater part of this yer, (0
unad {03 showed deviidions, Tt hese conbl e infereed to be due te wuss ow
rouservation efferts, vagsed By e vavdations oeenerg clsser to e wall, Tl
it womged w0 the homdary laver oseillations were veugivtod to a vory sadl
purtion af the judet prolile, near the wall.

6.3.4 Intrance effrets and the hackground environment
Buckpronud onviranmoent

¢l olascrvation of the trees in e lodary Taver thinudog, repion reveals the
prsson e of sigadl oseillistions, wlioveas i the sely bowwlioy laver <lockondy,
{low the traees e very sioot 1 and tenadae, Fludd in tae wadier replon oeipinated
froom within thee pipes wlerene $he Lattey fuid Jaad sateved the pip- durdog e
experiment from the belemontl, Flas It seemed that some Betor ot Gie inlet
witd duelueing o hicekpromd findte-cmplitade wdse’ I the Bow, “ele oeigin ol
thin sodse was not thee ffudd in e £l il settiing of the Quid evernight Tusl
the sitne effeet on e Jovel of distcbanes as o aorimal {wo wimate sed Gy time,
These povturhition: were thas thetipht to orfpiuate ofther Tom the Il join,
up fratn imperleetions o the contraction itsell, Regardless of the sonree, thse
preturbations were present in all the tesds conelueted, 18 showdd be soted that
Chiv biecherouind envizotanont s vivtuatly comstant with tme in the normedised
traces, that s the yatio @' %, (0f Leing, e disonbae « ampliticle) vemaing
fiseele  Thiv Juvariaont Delavieur & fdewd for charactersiue the vesaltant flow
Brenkewwu; finitesmuglitade annkyses [see Thehert (1988 comwonly asanue a
fixed lovel of Inwdhprownd distsivhabee relative ta the vooan Jow mte, In the
Heltt of the importanee of the Backpronpd distmebagieoes an the siability of the
spaton, i iy fluportant te quantits the level of distyrlanes proseut, This tople
D attbelyesean] fn dotadl I the fullowiag cgpter.

The inlot bump

Aunother fnled offoet 0 the few i slhow in teee (1) of Bpore G35, whepe o boninaer
Tangnap® et Do vvots af e transition point Detween the boandary hiver tackeniup
and thinudng, replons G about ¢ 13 5% This banap is oudy evidewt o this
it ierdir teaee i ke dinure - e presetee of alsenes diving testing was entively
vitedown = ot fes wapnionede seonged to he poverned by heodetails of e gpmisive
How start, Thtes the shage of the wipphe’ hetwemn tine 10 and 30 seeonds i trace
{13 waw et repastaehles wnet hov 1 e e ddentiead v sl station nrdpht show wo
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8.3.3 Inlot bohaviour

1t wax sliown above that the fow exhibited various stages of development, pass-
ing theowgh the carly pavalivl stape, through an entrance flow stage, ael vesule-
I T a0 transitionad stage, The ovigin of the fow brealdown - the time (t) in
figure 6.8 = within the pipe was uow sounht, beeause the turbulent breakdown
of the flow i heinately uvolved with the instabilities of the fow,

A hard turbulent front was soen far downstresns, and we - assed to opiginate
somewhere in the pipe entraneo, hving beent convected downstrewr, It was
howevor unelear what would be visiblo vight at the pipe inlet, To clacify this,
the LDV wan positioned as T upstream ax posstble® and readings were taken
hoth st contveline and at viarfous positions near the wall, Veloeity time traces
from this station, novmalised agaiu with respeet to the contreline velocity, are
given in figure 4.9,

10

L4

0 20 40 &0 80
£

Figuee 6.9 A nonuelised set of veloeity-time traces feom the axinl station o/ R «=
132E from sedected padind positions: {15, /R = 0.866; (2}, »/R = 0.026; (3),
= 0016 (4), /R = DS (B) eontreline,

As Dbefore, the wndts of the vertieal seale aee wrbiteary and mdmportant, Cons
sldering the varly lominwe development of the low (2 < # < 50 vecontls), it s
frnmedintely evident that boundary lavey thinning i oeonrring near the inlet
tou, However the thinning porion of the fow i far wore exteusive here thay
at the dowsntyoies station. At the enerent moasuring stution, the boundary
lper thickeiing eneds at tine # 22 8 51 again the roversion to the thinning type
systoan 4 associnted with the passing of the fulet Qow, Lamiowe developuent in
the Bomsdary laver thinudugr repion continmes: for an extenslve time, At about
P dh | porturbations develop it the buundary Lwvor {specifically traces (1 ancl

S Jurge LIV could not T mioverl ult the way ta the pige inlet, so the smndl DDV head,
linkesl to 1he loser by filte-ontic caliles wise i,
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Figure 6.8 A normalised set of velocity-time traces from the axial station /R =
140,25, frow seleeted vustind positionss (1), »/3 = 0881 (2), v/R = 0.863% (3).
/R = 0,706 (4}, controline; (i), nlel *front’ (£}, point of teausition,

of about 25 5, as pivon earlier by vquation 6.6, but that estimate wag a
simple first approxhoation. ‘The phenomenon oceureing at Lhis time is of
u global, pipe-wide, nature; the entire dow developmont reverts smoothly
to oue with o thilmixu, honnlary Yayer. ‘Thin veglon is veatricted to tie
thne 36 < 1 < 55 socondy,

(iit) Startivg Initlally in trace (2) at the thne (t), flow brenkdown boeging, Thoe
instebility spremds vadintly wnd grows tenporally, s a pipe-wide transt-
tion to turbulonee eusuex, ‘Ihe current (vaces are sanoothed, thus olhni-
natiug the transttlon spike shown in fignre 6.4, but spikes ave evident in
the raw deta fn the lnter stiapes of transition, The perdod of hreakdown s
approximately 55 < 1 < 60 = after which the flow beeomen fully turhulent,

The reversal of the honudary Jayer develapuient was ovident at every measuring
station in the aceclerating pipe. The point ot which low developmont roversal
oeenrred wax always consdstont with the nerivat of the ulet front, “Thus ot axial
statlons eloser to Lhe julet the yeversion te a thinier boundary layer ocenered
earlier e at the frthey downstrenm positions, For the sake of elurdty, the

region (i) - (t) in fgure 6.8 was desipuated as the bomnday nyer thinning or
simply the thinning repion of the low, The hreakedown of the lanfaar fow to
tnrbulent state abways ovenveed in the houndsrey Inyer thhming pact of the low,
aml the timing ad position of this phenomenon s diseassed in the following
weetion,
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Tigure 6,71 A schematic representation of the development of the veloeity proflle
in an aceelepating pipe fows (uh The physieal systeuy (b), the normalised
systemn, Profiles are labelled (1) to (5) fu order of developtuent, The right-hand
sitle of the figure shows the profiles superigsed,

Using the couvept of normalising the velovity proflles with respect to the wenn
flow rate, the teaces in figares 6.3 and 6.6 can also be normalised. Thix s
gttained simply by dividing the veloclty teace hy the mesn flow rate ns obtabned
from the cleetromagnetle flowmeter, Figure 6.8 shows the data of these previcus
traces thus represonted, but with some traces from intermnediate vadial stations
also glvew,

The vertical seale lu thix Bevee is aebitraey and uniportant, sinee the intevest
in in the variation of the teaeew with rospect to each other, The flow developuient
shown hieve olea: . consiats of three vopionwe.

(1) In the first reglon encompassing 2 < # < 30 seconels, the flow shows
classic develophig heluviour with boundary layer growth indieated by the
doerease {n the nermalised bowadary layer veloelty and conunensarnte
inerease at centreline.  As enu be seen, the How develops rapidly away
from the initial ‘topelint’ profile at flow Inception. In this region, the
norpalived development B remarkably similar to that of an lmpulsively
started flow?,

(li) At the point (i} the flow Lehaviour chianges rathor abruptly, with the
boundary layer developient reversing its trond and actually redueing In
thickness, The thne (i} s consistent with the conveetion of the inlet front
downstreaid that §s, for thues aftey (i) the Bow i au entranee flow. The
timing ol thix point - # % 35 « ~ 5 louger than the esthoated fulet tine

TAn fmpulstve Bow can alsa be normalised” with respect to ite mean volovity, but in that
case this velority i n constant divisor on the velocitys U o noomalised trace in the impulsive
caxe j4 stmply the teave sealed by the men veloeity,
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Figure 6.6: The smoathd wall trace from 1he axial position »f B = 160.25, The
relial station i /R =5 0,031,

the turbulent front is of mejor importance; the preliminary dath ahove indleated
a phenomenon originating within 1he pipe some time alter low inception. For
thig reason the exaet npbure of the initial lnminar low s cqually importaut siuee
it is thix flow that initintes the lustaldlitios that lead to turbulence,

The figures 6.5 and 6.6 indicate budividually the developmont at the pipe con-
troline and wall respectively, I order to obtain o foller picture o composite
reproxentation of the flow behwvionr must be obtained, What s oceurring in
thiv pavtieular flow i the developwent of the velocily profile away from the ‘togp-
hat' foran at Dow jneoption, through v sange of other shapes as thme progrosses,
Shinultancously the mean flow is fncveasiug rapidly: thus the magnitade of the
profile # also inereasing, What ix of primary interest howoever, i Lhe change in
shapoe aloue, the chinge in maguitwde being shimply expouentiol and deseribed
oxactly by the inean flow varintion in time, "Fhus, s botter vopresentotion for the
data wonld bo sealed aecording to the monn velocity, Figore 6.7 shows sehomat-
ically the developmeut of the velocity profile, hoth in the physieal framoeworks,
aud uormalised witl respeet to the mean veloeity,

In thin #gore an arbiteary velociy proflle developinent has been shown, from
o ‘fop-hat® profile (1), throngh some intermedinte profiles, o o parabolie flual
profilo (5). Tu the plysienl reference system {a), it i obvious that the profile
shape is chaoging, e it is pot exactly clear to what extent the sabsequent
profiles difler fromw one aiother. In (W], the same profiles gs (o) are shown, bret
each ix normadised sueh that 16 mesn ow eate iz wnity. Without the strong
sealing eflect, (le bonudary laver developanent s homediately apparent, The
profiles iu this fgpnve nre however shnply faladeations: more intoresting would
be the hehaviour of 1he actual experinental voloeily peofiles,
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combined with knowledge of the exponential flow variation, allowed the calen-
lation of the approximate time at whivh fluid from the inlet at How neeption
would arrive at the current measuring stntion. Using the low mean velocity as
the approximate convection velocity, viploving the relation

T
auﬁbmm (6.3)

would allow simple eadeulation of the mean fluid displacoment with time in the
inlet, If the wmean fow vartation with tiwe is

(#) = Iy exp{ki). (G.4)

then the wean displaeeinent of k] downstrosm for o glven time ¢ 3 riven by
7,
g %-}1 exp{ht) {0.5}

For the prototypical low omploved hoere - valne of & = 0.088 =1 was used, the
value of the coustant T was (01118 my/fs, anl the axind displacement feom the
Inlet was & = 7.724 1. Rearraugenent of (6.5} resudtod fn the equation

r=%m@%) (6.6)

and solution in termns of § gove o value of # = 24,8 sceomls.

The shinple ealenlation above dev eustrated that the thuing of this frons did not
cotneide with the conveeted inlot fnjds that is, this front did not originate at
the inlet at start-up bt at m untel lnter time somewhere It the entrance region.
Mensnrements at the wall for the sune axial station ghowed simply the convected
feomt too: Hgure 6.6 shows a simoothed 1raee fota the same axial station, but
from racinl position ¢/ == (.031 - 4 position well inside the boundary layer,

ITere, altor the indtial impulsive staet, the howmdary layer starts to thicken with o
result that the veloeity sl the wall reduees, However in the preseut ease the mean
llow rate Is increasing exponenviallyy it is wielear whether the howdary layer
volocity is incrensiug or docroasing rolative to the contreline value, Ilowever
at about Al reeanedy, the veloeity in the houndary layer starts to inerease ok
an aceelerated pace, wntil the seenerenee of the turbulent feont at 58 seconds,
After the pussing of the front, the mean turbulent veloeity is nmeh higher than
the lsminar one belore, This is conststent with the heluvlour of s turbulent
houndary layer, wihich possesses a bight rate of sheay at the wall, The ovigin of
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of the inlet contraction was unknown, By means of a simple timing argument,
the downstream measurement would judieate whether a perturbation originnted
from the inlet bell-anouth at isception, or whether it originated as o boundary
layer phenciuenon clsewhore in the pipe. Fignee 6.4 shows a typical such trace
from the axial station ar a distanee »/R = 160,25 from the fulet plane, while
figure 0.5 shows the siocthed vesndr,

1.6
IZ 23
12 o
1
1 {m/s)
0.8
0.6

04

b2

0 20 40 60 B0
£(8)
Figure 6.4: An unprocessed centreline trace from the axial position #/R =

160.25 from the preliminnry experbnentation, showing the ocvurrence of a tur-
hulent front,

te1 - oo |

t(s)
Figure 6,5: The smoothed controlite trace from the axinl position o/ R = 160,25,

The unproceasxd duta - fgure God =clearly shows o convected turbulent front
pasaing the measurimg station at time #5558 10 Prior to this no convected phe-
notuemit wore evident, Considoration of the axial station of the measuremont,
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6.3.1 Data smoothing

Dinta obtained from an LDV ix innately problewatie, primarily because of its
random time hase; that s, the time between readings g randeny, This oecurs
beeause the LDV measures diserete events, namely the traversal of the nicasuring
volune by a seeding particle. Furthermore, weaswrenments in the boundary Inyer
are subject to broadening due to spatial pradients in the Qow®, The smoathing
algorithin defined in section 3.2 was used on ol LDV dats obtained, b oeder
to place the dats on « regnbar Hine-base, and remove broadenmg,

The smootbing procedure was optimun for the eurrent data, becuus S
inar variation of the fow was of interest, The procedure effectively acted as o
Toww-pass flter on the deta, vemoving thie high frequency component, As nens
tionoed, this vesulted in the tuehulent parts of the flow belyg averapod out; how-
evor, optiniun representation of the buninar and early trausitory parta of the
flow were of primary importanee, As will be seen later, the deviation from
the simple laminar state was itsell lnndvar with no high frequency components,
thus snoothing of the duta was aceeptable, On the practical side, the smooth-
ing procws reduced the data sive considerally, altowing vaxy manipulation of
the reduced set. The rawe daln bad an avernpe dida enie of botweenr 150 and
500 x; the output data from (s pre-processing process was sanpled st 10 Iy,
whicls gave o moye than adequate data densdty for subsequent elservation and
Processing,

It should be veeulled that the processing adgovithn in seetion 3.4 coguived theee
parmneters: a thne window, a timoe inerement and a standard deviation eut-ofl,
The time fneremont was taken as .1 secowds, resnlting in the 10 Iz sampling
rate deseribed above, The time window elfeetively contyolled the band-width
of sinonthed data amd was sot to u value botween 0.8 and 1.2 soconeds®, The
standard deviation cuteoff it war set at three stadard deviations, in eomnmon
with da Sibn (1090). OF vowrse the woeighted mean and weighted stavdard
devistion algoritbms [MeLaughlin & Tiederman (1973)] were employed as i
appropriate for LDV datn,

6.3.2 Behaviour far downstream

The mon downstream stition wes choxen bernuse i was the position mest
likely to eventually exhilit @ deviation from the luuinnr atate, This was e
crase any fransitiol ovenering at or near the pipe jnlet would most certaindy
hie eonveeted downstyeam, It was rensoned thad once an event was identiliod, it
eonld e tracked upstrean (o its point of iuveption. Purthermore the behavionr

BAN the offects contrilmting to the nature of the LDV signal were disenssod fun detail in
chapter 3, sod will not Be elishorated wpon here,

By window parameter was varied according (o the data density of the inpat skanal, Tt
was nttempted to ensure that each tanesslice of the data coutained npwnods of 25 dati points,
I order to cismre o statistivally valid population.
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Fime 7.7 Sealod veloeity tihne fraces contespousding to the velocity profile FBA,
iltastrating the poist of devinton from kouinae Qow tnthe pipe entranee. The
traees corvespotil to llu- followlny radiad stations (1) r - OOTE {3, p o (LIG:
(3), 7 = OLIRA0; (n o UUOT: (B, oo 0SNG (), ¢ = OGS (T F o QAT {R)
r o DAL (). £ < 0,

o early devintion in teaces (1) and (5) was not apparent in most of the athoer
profiles measured, bat the poist of srvony dopazeure (at 37 s} a’ways was, Sees
tion 6,3 varber in the chspter diseussed U variability assocliced with (he tlan.
niug porton of the flow, and the early devintions in these twa teaces wore
thonghil to be paet of that How phenowmenon, ned varly fow breakdown., That
thix wias s, wiw corrohorated Ly the faet llml the early deviatlon enly ocemred
fntermittently, The lntter devistions at & 27 = wees B taken as the poiut
of doviation, Apalu, the vonDision and ambignity Vonk limdtutions of the
LIV, sy s point-lnvasaretnent capability,

The latter departure {F & 27 8} acenreed viviually shanltaneonsty thronghoat
the entive inner honndary layor [fraves (13 (o (G iu figaee 7.9)0 The variability in
inceptivn thne Letweon triees was eentaparable to the variation n g between
traeos [rom the waue padinl station, ITn other words, the How venkdown seened
B e o Nmiun simultaneoysly throupiont a katge portion of the howacday laver
at one Hwed, The large radial extent of the fuitial deviaton wplied that its
thming vonld be inferved from u siuple coreludly ploced meanuying stetion within
e howunliey Tayor,

- R, o Tt AT 1 ¥ MR 13 e e

¢ shewld T reealled (hat the provess of How brealiduten was subjert to vatiabtlioy; 1o
the voppusite repre - bitlon shown i Bgure 7.7 s gob o ‘snapslied® ol a siegle svent, Tt
tather the kuperimge, i of diffecont pvents,
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Fipure T4 Velocity thae tvaves vorvesponding to the velocity profile FBA, ik
Iustesting the point of deviation from bandear iew in (he pipe catranee, The
Traces copyospond ta tie oflowing radia stabonse (13, ¢ DO (200 (UG
(33 o G830 (L), e 080T () r o OS3: (6Y, r BRGE (Th e OR8N
o DSLE (Y r oL

toward the houndary laver wind the eostrs of e pipe. Strong londnoe swippgles'
e seen i traces 03 (o ()owhite Ve wall teees (1) ind {2) show i elunieteristde
drap-elf in velocity, The contreline frice (9) readns completely aoatfeered ugdil
abont # = 32w ol which point it exhibitz o deeline in accordance with the atart
aof tarlmlent flow fas indieatod Dy the harp inevease fn teaces (1) and {2)] in the
Dhowslagy lover, After whont 36 s, the entive hadney Tver i tabadent (the
Traees ivve beey sinootlied atd thas onply slow e wean compaaent ), wWthough
the ventroline flow reamins wostly Tamisar, As befbree, the tepresoutatiog i
fipure T i not optiowm du that the traees seale do thie, due to Che expoueutial
mitnre of the How, A weve aptimmn epresentation i obtained by dividiog
the trave veloelly by the mean crosseiectional veloeily as obtained [rom the

Mownudoer, The yesult of the sealing of the above figuee = shown W lipare 7.7,

Only the vebtive behavionr of the sormidised veloeity traces §s Inmportaat, This
fa bocwipae the sty of the How breadidown it the etrvent contest I tnaveidally
spaalientive, Siuee the wapnitade of the 1eic wies ol o conseeesies it s part
of he stadys it was noi vecossary (o seabe the data eorreetdss The LIV velovity
was Afmply divided by tie owerate, and the vertieal seale in the lipnee s thos
arbitvire, The [ull heliwvionr of the Bow is far wore wpparent in this Ggurve: the
eontredine veloeity dbobeishes o abont ¢ 12 s dlivating the sttt of the
thinning low vephne, 'The deviation pouint shown in fraves G and 13) can be
serdy o ovigisate at o oarlior twe - at abont 21 s - o 33 sl elewely i the
thintdig poytiog of e ffow, Move warked doviastions seenr v a uninder of the
trnees ol 26 - 27 st however, (urladence ouly starts developinp, unch later, st

A2 s,
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prv test, Due to the small expense of tie tining teasnrements, many suel wiesa-
smpentents wore iuterspersed evenly betwoen the wilely placed profile stations.
Figare 7.5 shows the general arrangement of testing, stations in the pipe,

\pmﬂln pendile profilo

/ tlminy  fiming lundeg  tmiop tanmg Gl tisking  Yiawing

Fipure 7.5 The general distribution of lesting stations in the pipe entranee
ropion,

7.4.1 Point of deviation

The applicalility of chunsdng o single vulind position at whieh to meisure the
Luniuar devimtion s perhaps best fhstrated by consileving datn Treim o full
velovity profile. A snitable ennelicdaae to illusteate this was the meiarenen
FI35, n velovity profile tuket for the tost FXDPB, at the axdal station 2/ 1 -2 49005,
Ax with the othee experimentully monsaved profiles, pades of readinpe wore Edken
ab vorying radinl positions, startig wt the wail, amd moving in small steps towired
thoe eontreline. In the eurrent contest ouly the iueeption hne amd the snhsegneat
unture of the How deviatlon wore of itnportaues,

Fipre 7.6 shows stoothed data ot this set of moasuveiones for seloeted
rickinl stntios, mostly elstored aear the wall, The cortosponding controline
wploeity frace v shown for compavison, Only oue of the paira of measreimenty
for each raclial statiou i shown eees The trace showioge the meost mrhed fow
devigtion wism ol sen i el ense, The vadidity of e composito representation
i i dleseviption of o sisple colierent (rnsdtion seenmenes in the pipe was as
bolore dotilitful, because of the traces Tejue neasurements feom difllorent rule
An will be seen i seetion Teld below, the thine of deviation was subjeel (o a
stutistical vudability, lowever tlus gencral patteru of helaviour of the velodily
traves was tepeadalie, Thas the cati pives o goad quiasditative deseviption of the
{law dovintlon 1 the svsten,

Fhe nnture of (he dnitial kindae develapuient i nnels i igoee 7.6, due to te
stromg seiding effeet of the s exossesoetional veloeity, ' he Loundary Tayvep
thickeuing for early tisnes andd Hiwe Jater (hinsine behaviow: for the entranee Jlow
[s not obviots iu this Gpnare, altbmggd the approach of some of (e boundaey
luver triwees ta the centveline veloeity Toe # - 20 s indientes a0 yedietion of the
banuedary aver dimemsdon for (s rogion. A about 422 35 s, e tees near Uhe
Lronnelary bogin to doviate from the kuadoae state, Teace (13 sliows an inerease
i veloeity, and (5) a connneisrate deerease, Tater, the inilaence spreads ot
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(i) For eiach profile, showt § poils encompassing the bmmdary Lyer were
selocted - the points slunvn dnside the dotfod yeelungle i figure 7.0 - ol
a ow order least sgares fie was nade Hireoapl these data, This B was
teewotd goud 100 passed accuradely theonpds all the data. Only a portion
of the honndary tyver wis seleeted. A Bighor oedor B winkl have heon
uervessary to fit properly the entive boamdary yvor, whereas ol the wall
repion was of hnportaves. Using niove of the bowdary Laver sl i biplior
order lit resulted b far prearer vivianee in tHwe determined wall position,
The Bt was used as au extrapalation to find the infersortion with e vadiod
axiz  the inferred position of the wall,

The abiove process wins repeated for betwoeen 10 aned 20 profibes fron siils
ferent tines, i order to arrive at a stdistically valid popadoion of wall
pusitions, “The resulting positions were eombined, their e was taken
s the wall position sud Hiejr standin] devition as an udication of the
error, The factor Ar wis sl o 1his wean.

-
—

(il

Tl shatat for ul the profiles conled thien be shifted sclinlly by e amonst
dry vostlthng s dada property allaned fe the vaape 02 < 1 The data in
the ahove figuave had alveady boen shifted by the displacement 42, lenee
the colncidones of the wall position with r = 1,

m———

jiv

Onee the wall had been Jdetermined, an aviificial velovity valne of gero wis
appended to all the extracted veloeity profiles, at @ o3 1 The wall valnes do-
torndued Dy the above provess showed o sarprisingly siuadd staadid deviation,
In ntost enses this vabiue was in the vanpe L0001 0008 - o coreontape variation
of between 0.1 and 0,85, The ovder of the e used was in all cases quadeatic,
The seecablod *contreline’ trace wan anly approxiutely nligomd with the pipe
cottroline (Lecanse it wis hupossille fo fudge o initm where the wall wies niud
houre the centreline position}, Beeguse {he coge Rew was i all coses niform, uo
lowsis i1t seenraey was eantsed Dy this tracs Dedup, antificialky moved fo the position
2z 0, "Vise vestilt of this entive process wis i sl of veloejly tewees tormalised
in the vanpe [0, ], and with data poits at cach oud of this zange.

7.4 Timing measuremonts

The sectud type of wmeasurmuett Gkien was e udug wesageniont, Wheeeas
the veloeity peofile meaarmmeuts abiove encai)sesed the estive radiad low do-
main, i1 was doeided to Hindt timdng geasurements 10 4 sisgle paint in the pipe
houndary byver af vach axial station, amd vather (o repesef the ey many Higes
while weasaviup, the veloeity vivintion at this point. Repefition at an identieal
poing jn the pipe was decided upoy in ordey 1o pgather statistienl jufolnntion
aboul the ineeption of the rransivion provess. Fhe prolile measiaeements des
seribed i the swlior seetious were expetsive i teeme F thine ansd dada storape
Tor 1hds resson alone it wis deeided 1o Hindt theit numbs - ta shont throe (o live



CHAPTER T FINAL TESTING ANDO DATA PROCESSING 14

i e 1) Dedngy the econtve of the pipey mnd # = 1 the wall, Tportantly this egqua.
tinu allows dirert conversion of the berch co.ordiute seston to the ordinate »m
1f the vading ¥ s set to B = 1070 won then g can Le takeon diveetly as the
henelt coordinate,

7.3.2 Determination of the wall position

The normalistion varriod out above il not necessarily vield the coveeet radial
opdinate + fur (he data. This was hecanse the wall position Inud yet o le
aecurately deterndued®, The aetnal nortmalising egnation wis thas au extension
of (750 natnely

P ,%ﬁa. A, {7.1)

witly &0 1hie winll affsot to Do determined, Dotepinination of this offet Bodeseriled
in point Lort helow, aud is ittustrated i fignee Tob
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Figre Tolt “The methud of deterngination of e wall position oo a0 partienl
expoerimental vedoeity profites o0 experimental datag - = - Capproximate velocity
profile; | loweorder bowalary aver curve i, 2, pesition of the walk, The ditted
roetaugle containg the points selected for the boundary laver fit,

(1) The yadind eoeovdinate of e dita was nensdimensdonalised accoudiug to
vepation (7.4) thereadter proliles wore extracted at vavions times, Thix
dita was then aetwadly oeer the vange --dr e r o 1 - by,

o0 sdioneh be remembered that the sen tadial station g wis Simply wel Ly uwitioning e
menstaein)g volmme Ty vve somewhere in thie pipe wall,
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PFigre 7330 A theee disensdoind pepresentation of a set of velocity-time trwes,
showing o partiealar velocity profile,

The sanplivg of the waw dats st vepulap intervals was aportant fu that it al-
lowed the gesend]y of alk the datie for a puetieubse station futo o ireetlimensionad
lattice, and then quick extraction of 1kt data by siiaply taltbyg aosliee Teom that
lnteive. I the paw data the huelividual polats did ot alige to any paetiondae
thne; I that case extraction of o peolile would have vegiived more exteusdve
ucessing, Frpthee to this, the order of wapgnitude Jave quuntity of raw data
wenthl uot Tuve wllowed consithradlon of all the traees Tram o partienlar stution
in paradtel which was necossary for the extraction of o prolile

7.3.2 Normalisation of the radial ordinate

The units of measneement of the velority prufile in the vadist diveetion wore
millimetves in e vgge 0 man o 2401 oo, with 2o at the near pipe wall,
Thix system of ages wan specifie (o the curpeut study, A more generie meats of
piving the radial co-ordinre wonrld be polative 1o the pipe contyeline s o ratio
of the pipe radivse That 3 e representing the vadial position as

Pz T emwewnsll lT--Pi]

Here £t B4 the pipe sadin, e s the sedial position s measired o the pipe
ventre, il g is the position as mesenred from the near wall of the pipe, Tquae
tinn (7.0} yivlds o dimensiouless ovdinate rowhich varies i the sepe Q< ¥ o 1,
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profile woald veuily the assituption of sypunetry iunale in ohly imeasuring Bow
in half the pipe - a diseussion on sewmetry is contained in seetion 7.5.1, "The
following tvu sections vach contain o disensston coneerniag, the fwo types of
meastiverents; profile and Giing. Specilic peoeessing, and uterpretation jssues
relitig to each tgpe ol measurement are diseussed there.

7.3  Velocity profiles

In order to wmweasare veloeity profiles ab a pacticnlar axial station o the o,
the laxer weasnring valne wis positioned at the pesr wall secording to the
provedure outlined alove, amet the measiing volwne was oved towards the
contre of the pipe iv sallivienty small steps to resolve the Jow variation, 'The
inftial stepesize chosen wis e same s sbove, tigely O mm, and tie LY was
moveed jmvards tonph the bomdary ver i (hese simall iseremends, Al each
racllal position v run was vepeated twies to verily vepeatability. Observation
was Ulcle of the resalting veloelty-time fruees by plotiing the b cotposite on
the computer. Wihen the difference hetween traces at diffevent vadiad soations
started to dimsiuish, the step-size was ineveased procdually, vt ta 0.5 wa, then
0.6 1min and sooow, undil by the thoe the meastebgy volmne was approaching the
eomire of the pipe, the inereients weve approxiimately 2 mm. It wies poasibie (o
o this boeanse all the veloeity profiles that were weasved consisted of o thin
Bonklaey layver eotubined with a cove Qow, The philosophy of inereasiigg 1he
stepesize resultee] in o fay more eeonmnieal eaplure of dati 10 1he sundl <tope
aize wan wsed uniformdy, thew absont 60 wmeasitrenments would lave booy regrdred
por paciius, wheveas the cwrrent schenwe only requived abont 2030 dilferent victial
statious over the sne udive, This represented a twostuld savig in both tioe
aud data storige space,

7.3.1 Data pre-processing

Vivious levels of data provessing woere required threvghont the studys Iudtial
provessing, snch ad (e siotbing provess deseribed eatlior {see soction G033.0)
was ol b aliost anttoatde nature, and was coneeriied madnly with weduciyg
sbistantially the vast quantitios of raw data sequived and venwving both the
veloeity Dias aned pradient brondending, Lo the curreut cotext (his procesiug
akso sopved auother imporsaut hnetion, namely Lo sanpbe e dida st repnlar
thne intervals, Phe importanee of sanplisg the dita at g regalar thne hiterval
was important for the ollowing reasou: the data acgnived at cach radind station
for a prefile were velovity=time dati, eack of these traees eovresponding 1o o
puttivular radial position, Thus in g thue - vadial posttion - velocity space,
the fall zet ol dida would be represented as o gronp of veloefiy-time data, sarh
tluta positioned at s partivalar taedivs, Velovity grofites would ba represontod in
thix Bewsrk as shives of copstamt thue, Figuee 7.8 shows sehenutically data
repstesented i this manner,
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Flgnre 7.2¢ The beam distortion oconreing; throwgly the varios fgterfuees in the
pipes &, Teoo-uir hatfauples &, actual hall-angle; 8, boawn displacement due 1o
wator-plassewater mterbiee.

Murve subtly, the chusge fu adfangle affeeted tHio mete of motion of thio wewsuring
volume within the daid relative to the benel wotion: i the LIV head was
mioved externally by au amonnt S sndindly, then the movenent of the measuring
volume within the pipe would be o different usount Arf aceording to

Ar  tans!

st 7 i e {4}

AT s’

Movenment of the krge laser compensated for this offect vin (e control software;
the spuall head hisk o suel compensation beeanse i3 position wis easared
wmnadly, The caleulation of the distod ion pave o waine Jor the woveinont ratlo
ArfArt of

jT", = 07360, 7d)

Thuw for a certain wowvement of the LIN Lead  Jie weaswing volune ushle
the pipe moved by g renter amonnt o the zae’ JALTI6L The actaal nominal
rivliny of the pipe was 2L1 mng optical distortion resulted inthe Yaser head only
hiasing to move ticonply 1770 i to traverse (hix distanee, The above distortion
vatio (7o) wan werived at ustngg peometeleal considerations. Ax wentioned, in
stane vedoeity profiies the tost wis condieted from wadl to wall, in owder to
vevily thise By neguiving an entive veloeity profile, various cotponents of the
exporbentition conkd be verilied, Firstly the profile wonld give the pereeseed
dimaoter of tle pipe, thus diveetly phving e distortion ratio. Secowdly sucl o
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intersection point ot all, sinee i was efited merely as the wutual interseetion
of u pair of laser beane, It wie vever fudely casy to fdentife the crossing point
Iy woenriug liser gogples, These ghisses Bltored out entively the freguencies of
the jrcidont heams, Hhus making them juvisible, Slight phosphoveseenee of the
plass vielded the laser boams visible at their intessection with the wall of the
pipe. This allowed the eross-over point to e positioned agywhore within the
will simply using visual adipnnent, It was then docided to avoid ottewmpting tn
align the systom in an absolite sense; rather the swall position as set ahove

qas dosipnated the orlpin and sl weasnrements were taken aceording ta this
datuin,

The firs mopsmring station within the flow was found by running the test while
traversing the contral volitine in swmall steps towirds the flow, The fucrement
usedd wan 005w, approxdmately Lalf the lewgth of the weasuring, velume Baoll,
The firut statfon way taken as that point at which eoberent sigttals wore Hest
obtafined!. The exact position of the wall wis T subsegquently by extiapo-
Intie hie data during provessing, This is deseribed in seetion T8,

The far wall and optical distortion

A further complivation introduced was opticel distortion eansed by the vari
ans components of the pipe possessing different ndices of refeaction. The lasor
hiug bad Lo pass from air, theough the onter planie pliss waldl, juto e witer
juelwst, then through the glass pipe, and finally ek inte the water within the
pipe. The beiuns wors (ravellng i the horbzoutal pliwe, thos the curvatuee
of tie pipe was of o cousequenee, ‘The erossing augle of the two hoas wis
changed by these seties of iuterseetions: effectively only the aiv-plass-witor in-
torfiee contelimtod {0 the angle chnnge Decwuse the ather interfuce only tosultod
in  translation of the beaws, Figure 7.2 Hustyndes Lhe boan distortion through
thiose serfes of juterlices,

The resultint distertion of the boaws could be interproted best as a chanpe
i thedr halbangles,  This augle chappe affeeted the calibration of the LDV
avcording to the relation between veledity mud freguoney

g L (T

RETITR O

where A is the wivelength of the light., £ i the fregueney of the sigbal recejved
from the LDV photo-multiplier. awl &' i the actual hen Balfanple,  The
aceuisition soltware correctly calenduted the actnal halbaupgle uud the eanversion
{T.2) basedd on growetrieal taetors coutained n a stavct-up Lo,

Tyt the measuring volupwe in e wasll, the dafa rade was zoro, Phe dati rate iaeresseed
uite aldaptly at the poid wheve most of the weasering, volume wiss within the How,
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Veartical alignment

This aligunent weant vusuring that the plane of the two Lnser boums was co-
fuctdent with a plane tirengh the controline of the pipe. In other words, this
alipmuent allowed LDV traversal fo oceir along o major dinmeter of she pipe.
To shnplify mnfters Mether, this plaue was sod as horizontal. This allowed the
LDV to e set initially usisg o spivit lovel, Onee the LDV was horizontal, the
ontive head was adjusted vertieally (usiug adjustable feed} nutil ite plin.e was
eoinefdent with the centre<plane of the pipe, This was achioved vory simply ad
Lighly acenraloly as follows: the LDV was left on during - jusdment, and the
reflected Deams from the Tny pipe wiall were ohservod, When the refloetod beans
Deeame co-planar to the ineldent ones, they were known to e infersecting tlint
witll porpencicnlarly: thus by inference 1lee plane of the beus was on a piajor
dismmotoer of the pipe, Figure 7.0 llusteates this prineiplo,

o rimmpania § % w1 w swetna ke e ety

olr || water

wolcr

{0}

L]

A

Figare 7.1: The principle wherely the LDV measurhug volate was plced on a
major dinmoter: (a), mis-aligued, o redlecting doww; (1), vertieally nligbed,

In practiee. perfeet vertieal alipnuent resulted in vefleetod liplt onforing the
photo=muoltiphier aperture, thay vesulting in o low sipiad-to-nodse vatio. The
optimun solntion was to mdvealign the svstom by ot monoant « nsually to
more thay 0.1 i - eliminating the dvect Siterseetion of the relleeied tight
while still reonndning on the major dinmeter 1o o hiph level of approxsitoetion,

Alignient with the wall

Whorons (e vertical aligiuownt deseriliod above wan velatively sasye to acliove,
{ixlng the position of the essuring, volipoe yelutive to the pipe horizontally was
[y mare dillieult, Fipstly the dimeuston of e mensuebay, voluie iy 1he tadlad
diveetton was large (22 0.7 mm), intreducing, uneertaintios as to what <houbld be
wligned to the wall, Secoudly, even i a point of alipnuent with the measueng,
vole vouled be aseortained, theee was e danating, task of positioning the smadl
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Tahie 7.3 The values of the paraetors Reg, & to genevate the doweate varia-
tons for the separaie tosts,

Test § Jop | AU I Tost | Bep | A7)
EE |3018 | 0.03 FI [ 4113 | 0.03
EF | 3H8 | 0058 GA | 6310 | 0.05
EG 3018 007 GB L6810 ] 607
FA | 4143 j 0.0l GO 60 0.01
FB | 4143 | 405 G osi | 003
FCO| 4183 007 1A ¢ 205y po0a

Tlhis talle prosents tie oxpected Howeate variation in time lor the twelve tests,
Seetion 7.0 Inter in the chapter diseusses the actnal flowrate variation acheived
in the systeut,

7.2 Alignment and optical considerations

Al velocity mewmeements fu the pipe systent wope comcueted using the LV
tloweribed it cliapter §. This device wis mounted on sy automated tewversing
el so thaet the EDV meisutdng volume canld be positioned by the acguisition
comnpnter asuywhere along the length of the pipe, ant anywhere within it cvosss
reetion, The wovemont of the bewel was howover vostyicted to axial stations
greator tluat abont three wetros downstreans of the intet plane, In ovder to
overeoane thix linftation, o sepurni e - portalile ~ LDV head was nsed, colectod
to the waiu LDV by o Gbresoptie liak, This staall it coidd be traversed in
the radinl direetiou umsually, and its displacemont weasnred using an adtacehod
ial gange,

Thifortuuately, the npture of the flow detated that wmast of 1lie LIV weanare-
ments were to be nule near the nlet plane, doe to Hie transition ovmanting
the bomubary Gwer there, Ax most of the datu wie seguived throngh the sall
LUV bowds the vepositiouing of the sueasuring vohuue durlug wmacks control was
mataal, Itx axiel positon was variod by moving the eptire assembly glong o
Lemelt plaeed nest to the pipe. To vary the radinl station, s mivconwter disl on
the siall monuting bened could be tuened; nedative radial positlon was meastired
iy e odind ganpge mousted on the saml] head,

For hotll ieasupement types, the aligmoent of the LHY coutrol veluwne volative
Lo the pipe sweetn wax of wajor importnaes, Wheress the LIV mensiving
volwue coukd he muaved highly aceurately relative to its envvent position, the
absolute positioniug of this poiut was subject 1o sowe uneertainty,  Tlus it
was Iisportind o align the LDV to the pipe al sowe voference poiut; thepeaftoy
aeentile wovenenl vanld be achieved.



CIJAPTER 7. FINAL TESTING AND DATA PROCESSING 102

Table 7.2 Deseviption of the e sulises used in data storage,
Sullix | Data typo i

JAT | Vilovity - titne data from the LDV - chianuel oue
JRA2 | Voloelty - thoe date feon the LDV - chimel two
LII0 | Voitage - tme data row the Bowinetor

{thix wis sesigned to the analogne chanuel zoro }
LHe [ Voltage - Hine dada for auy other jualogue
avepisition chinnsel

ANT [ Inforneation concerning the JRAL file

(Bewm angle, light wavelongth, counter inode, cte.)
N2 | As above, but fiv RA2

o

wore configurod sitel that chatmel 1 received data frem the large, downustrean
LDV, and channel 2 aequired its data foom the sall LDV positioned neay the
inlet. In some tests, data wis gathermd o both clasuels shasltapeousty, In
these casor the gune tost wunes sfovred to different axind awd radial stitions,
] differentintion between the Lo dakia was wide aceneding 1o the le snllix,

Expocted flowrate variation

Bach test aane given i table 7.1 veferred to a different flowrate vaviation with
time, The abjective of the wady was to observe the hehavione of exponcutially
aweelorating pipe entrane, flows and o acbiove $his, o range of expoventially
jnereasing dowrates was chosen.

Tho experhnental tost rip, deseribed in chaptor -§ was capable of generating flows
with liowrates vorying generally in e, aver a large Reynolds nnsher range
(spproximatoly 3000 £ Re € 8000, Thus within the inherent lmitatjous
of the g, it wis posddble to geserate o broad range of dilfoeent expaiendially
ineroasing flows, The entive stidy centred avenuid the determination of the ve-
locity viviation within a representative selection of such llows, Specifically, in
all eases the flow was startod from rest lmgutdsively 1o an inltial Revuolds nns
Ler; theveafrer the fow win aeeclevated exponentially i a preseribed msaner,
mutil the maxingm possible Qowrate was reached, 'l all the Tows woer of
the general {ype

RN <0 -
Re = { Reyexp(kty, 0" (.1

where Re o Re(t) i the proseribed Reyuokls nmuboy vaegation with thoe, awl
ey s the injtial impulsdvely initinred Revuolds munbey i the pipe, The 1welve
sepurade (ot were sach conduewed with a distines paie of pavineters (Reg k),

The vabies of the constants for these fosts aee listed in talde 7.3 helow,
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Ao fudicatod B9 the Gith order polyaomial leastsgpuares eneve fifted to this
data, takon ax the cilibeation curve oy the Sowmeter,
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Figure .15 The calibration carve for the loewieter: o, expernoental ditic
fitted earve,

The ot stadking, asproet of Rpare 7.105 s the tipht corgelation hotweet data lrom
lfforont tosts, "The eirelos represented Qoweate daes Frot all twelve tosts, with
alwmt 30 (e 40 pointe per test, The sentter shows a standard devintion aboul
the sittedd line of only 22 (the Ieft=liand side of e calibeation cgse - the Jow
thow endd « had astundapd devintion of ouly 157) The atadvsic of the llowneter
weatter i nppencis A2 sliowed jts varinhility 10 be proportional (e its ranae,
Hineo the Howrwe variabillty was not detepiniued from Gulividuad poinds; rathor
Ty fittingy o mionth curve throngh the eptive data, the varbiiility indicated in
that seetion was not felevant as i islictor of wirons i the lowaieter®, The
sentter shown i the figure wis consistent with the eevor in profile bateprition,
il wins guite possibly primgily due to this elfeet, e to the simooth nature
of the Hme vardation, the wore appropriate measae of vaviability hore i the
stivulard ervo ol the wean {Brinkwordy (19933 defined

'

L
[} \/.\.

{¥.X)

where N is the wuader of dittit points agd o i the stancdagd deviating » the
dati feemn Sive suvam. The Beawheter data wis saoapied at 100 Mz el thie

1F e Howipter were iy, mseed do ek o hipgh fregqaeney Sow v iation « witl dig, ou
of the comne otsdes s the suupli 3 lequence - thee e weatter m the Towmeter data wonhl
b atge sigsrilae anet, Devaneas i that G sdiall pagdatogs of fowperer data wontled e gl 1o
infer actnal fome esents B el corgent caees e vagiation e oaousnd, ellestively o entive dats
arl g o syl aqmeesth pelviasaiad.



CHAPTER 7. FINAL TESTING ANTY DATA PROCESSING 131

would be posdhle in a constant Bow systom®, An orror analvsis in appenedix A, in
socthon AL attempted to dedaee the noeertaiiy ig intepration, wsing pomerival
dinta with randomt golse saperimposed,  This conebided that, for well pliewd
velocity points throuploat the houndary biver, the inonate ervor in intepration
was abongt (L2,

Ouer (e fowmeter was ealtbrated, o ity pood isdependent sevor estjmate
Deeaange wvailidsde s () the flow rate Sow iwlividnal inteerated velocity profiles
conld be vompired diveetly 1o the ealibrated data fom the Bowmoter’, The
amdvais in the appendiz consalerel anly veloeity polle data Bom (e initial
puralle] partion of the Bow, aid couchaded that e aetd etvor in - epration
wits hettey than 7 of the mean eres-seetimial weloeii

7.5.3 Tlowmetoer calibration

Initiat comparison hetweon the owrates as detevmined e the two difleremt
suetLads sliowed Uhat the Howimeter dati was s omteh as B35 D srvor, especially
at the Jowoer Bowvates, However, comgaricon hotween How data Trom differem
tostn showed it the deviation of He Dowineter data was hiphle sestomadic
and thus repeatable, tiere heing ae aotiveable depetdence of the orror on the
flow accoletition. onlv ot the Howvstte itnell Tine to this Gwet, it was decided to
calibrate the flowaneter using ol the expevimental dita, The seasoningg Telind
this was we follows: the LIV edeternimst iowvate, while potesbially acenvage
I the wean. shiowed faie seattes i iudividan] eases, velatel 1o e sporitie wie
tare of the dita from the portioalar mie aaing tation®, The flowteter data
o1 e other el while inacenre, wie repeatalshs praper calibseation of the
nuit wonld altow acenvide dotsqmination of the Bowride diveetls fromn (s data
wone, withowl resarting to proftle intepeation, se of a faype data populaion
tnteppsted fowrite di e Drot adl e tests) wondd allow sailiciently avetrate
valibizdion of the llowneter,

Flowrate- time variation wirs thins exteacted lor all vedoe{ty paolile Ty utepras
o, st Hee vesiadts weed to eadilare the elec e aappetic Qowineter, The resudt
al this valibratien & «hown in e 505, where the ratio of expreeted (L)
ter tespatren] (owneter) wean cvos. seetiongal velociiy (Howeige divided L the
vloeesertiolal areal i plotted apainst the LIV mean crosesertiogal velarity,

“Ttv o B bt whiese Che llowzate e copdant, the sdemated smfomete o
el it eliflerent fese contld b cataquared oge to amtber, astdes ty onggae e fawrades
- whiicl sbunld of comea retsain oo tant o e Dow el senmadiest v I fhe onzian caness
the flowri 1o vaned Arotedy the vady pand o compaieans < the fowmeter dada wan abpel
alaes toptonoan  thaee ool et Lae weasd daeetly Bt the g

i prowess ol inbetring, e etion o podentiadly rarodar, integtated data Bemg st
b Baad the catilimation oaeve, the tabbaated data thes by, wad tooimfer Que vz e the
inteprated wlbwity profifes. Thaweveq, agee e calila ] data wes sbitamed g afl the
selority prsdile data Bean the satine stindv, the swmginean wa valul.

T e medatees o seba e tinge ace wos et dae to cansptom ol e Bacap data,
S lowerissg, nletamtiollv e aconzacy toosdide e Bowtete conld b detenmpead e thaee
B L Y
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doseribes the velationship hotween LDV froqueney siguid wiel veloeity]. As these
puantitios were knewn or could e avenrately determined, veloeity profiles eonld
be acenrately constraeied and the onpdy wmajur sonree of wevor in the estraction
ol the Howrate was the mnuerieal Inteppation ol the proliles themselves,

The mean evossesoetiona] velovity was extracted ot the veloeity profifes as
fstlones: a lowsorder (2ned order) it was uele to the core Bow ju the pipe, whils
u fourth or fifth order 0 wis hupleaseided in e besiudary Tiver, These two
fitter] empves wore {foveed to futerseet at a chosen salind stanion, The carves were
then integrtoed analytically tu extyact the mean ow according to

I
r"m - 2/|; l"ﬂ“'}dl'. {7»7]

Fipnre 7.1 shows the two enrved Bt ted ta o paetiendar velocity profile. The point
af bterseetion i sleavn, Kinee ondy intepral fudorpation was vegquived Trom e
profiles it was uet importint that the twe eneves matels ju thaeie deeivitives
at the point ol intersecton; geither were any bowdney conditions enforeed a
the cenfre of the pipe. As aoenrve was [tted to e cative bowadary layer, the
velosaty profile slope a the wall was bt woll fwdicated by this procedure?,

R A U LR PO
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Fire 710 The numerieal intepration of 1the expevinental velocity podile, in
ovder to cidenlate the Howsate (ad, point of nteraetion of the fited eurves,

P to the Gt than the Dmerate varbed oxpoimatindly with thae, 3 wis uot
tiveetly possible to caledate thie opror inle a1 3o the futeprigdon procoess as

“A engve it ter the vt edpe of Qe Benndin e havet wie spevitivalie wed tonder derivative
inforypation at the wail. N\ generad Temed oy Livor bt s v here war Bl Ta pive Liphly
vatiadle deriviative infeensbion, despite pavitg acontate mbesial iesatee Toee deggvative cneves
fitting, preembute in desoribed inoaecin 700
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Pigure 7.03: Veloeity profiles for the outive pipe dianaeter, showiup, the cmmetey
uf the flow, Data feom the fur portion of the pipe Juve beey redleeted abont the
pipe ovigin 1o He oo the nearasdde datas (1 7 100 (2304 20 8¢ 0 usteside
dutiy », faresile datn,

Maay elosely spaved veadingg wore faken Trom the neas side of the flow, while
ey & Jow coirsely spaces easarements were jande on the G portimn The
far dlidit have been superiinposel on te near-side posts (o show their mninal
eorrelttion. Two velueity proliles ave shown, it order G verlfy the svnonetry
for different portions of the flow development. As eau be seen, the dita from o-
thoer side of the conteeline desevibe ldentieal volocity profile shapes (o within the
mneortainty of the LDV data, "Il adthoagh thie S stde datin wis cosasely siames
plec, the faet that onedt point Tlls exaetly on the seaside profile i wdentive
of the high depree of syeimmetey of the flow, OF congsa the oveent speistrenents
wepe pot capable of inforeing, e eertivad senuuetey of thee sestens, bt the good
apreciieut in the hovtzontal plane plicd Hut the pesersd syaometyy of the ow
wis exceliont. Cosidering the How varlaliling ol the et Tagp®s o helore it
wits jinpedle to dediaee shother thiese phenomens weve i et syinuetrieal,
thitee to the single pulot messnioment vigability of the envrent LTV lowever, aq
dentanstrnbed above, the mwdistaelnsd landar developuent §a cortaindy highly
axisvimeirie,

7452 Integration of the velocity profiles

Ihie to the svmpeiry of the syitem as nentioned above, the flowrate varie
tiem conled b ohtained diveethe o the mesured velneity proliles, by simple
Batepration. As a restlt of the Houearity ol the TDV meganrement, e value
of the veluelly traves avguired by this means were paautersd to e direcly
propartiound to the wetual vlovity, whatovey the velovity ranpe. T order to ae
viirately convert the LIV Oata o nive the correet voloeite valies, only the lauep
witvelensth and beam intepseetion half-maple seedod to lie kaevn fequation (7.3)
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Turbulent coherure

The tarbmlent ropion " in fignre 711 also deserves mention, [Tove, 1he strong
viwrlahility ovident thremgliont the preceding transitional repiots *2° aned *3* sud-
denly disappears, ad the traces onee amain Dectne ighly repeatable, This
Lelwviony wonkd be in keoping with the How dovdoping a tenly tarhulent bod.
ar Laver it this Hine The presence of i well delined ededy viseosity el mixbng
Lot b fs s tarlutlont Deninche v laver wonld easagye steacdy bebaviony in Uhe mean;
the correlution of the data in vopion = 1" iudicates that a fadly todafent boundary
luyer b it Gt doveloped hore,

The lival vegion = vesion 457 i juehuded for compd teness. Iv is prosent in some
testy, atned is cdue shoply to nowerepeatability in the shiatdown of the How <yste:
thus these apparend plicyoews ae not Ioe (o te exponentio fhow sesten, atid
slionld be jgnored.

7.5 TFlow meter correction and scaling of velocity
proftles

The sertions above coneerned e weasureten! of the vehority profiles, sied the
deteriination of (he poitd of Huw Lreakdown at dillerent axial statjons. Fop the
twelve tests copsidered, the Qowete vindiatosn in Goae wis ondy Kiown apposi
amatedy, as plven i table T3 This seetion s converied with the determinitjon
of the aetnal vaviidion of the Bowrete with time, obtaiued Iy intepration of
the velovity Sroliles wd caulilwation of the Howieder, The poces of veloeity
watinisation B alse deaerbed, wheely the veluedty profiles ave Jdividet by the
correcied fluwrate, fo order to vield (heiv mapnitede of order one,

7.6.1 Symmetry of the veloclty proflles

The experimentn! velocity prodile iseasrements were coneeried with meaoies
ments oty the lerizantal dlaneder ol the pipe, o the near pipe wall to
the ventre Jine. Taeit fu takiny sach limited readiups wis the wension of
axnisenauetry, Syunneiry i an esperimentad pipe sestem allows subsdtial siins
plilication of the velovity wwasaens 5, in that the veloeits field throuphont the
e cal b dnferred limm noseries o, ieasirenaents glong o simgde sedins of 1w
e T ardeg o verily theesagpntion of axisvinetey in the envvent coutext,
vesmlivgs To sannie tends wone extemled paest (the centte poiigd ol e pipe, 1o the e
pipe wall. The yeasilting veloeity dita allowed verification ol the flow svinmet vy,
it loast i the evivontal plane, Pata Bowy seel i uly' veoeity pestibe B ey
bedow in fipure 08 where twa profiles {imun the preliinny test KX qe
plven /B 20K, llow virdation s as ENBEL corvespomding (o e thnes
10 ok 20w yesroctively,
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Fipnee 7,12 The disteibution of the points of deviation alout thely mean, for
the utive tost GXTAL Pata bas breen cogubined P om all oot stations:,

Barly laminar varinbility

With reforence to Qgure 7,11, apart [rom the minar pertudations that develop
nlter aliout 20 &, there ave earlieor deviations evident, gotably the ‘angs’ shivwn
by & single test gt thoe 10 s and the bilreaton of the teaees at abliout 135 8 ito
an upper wnd lower branels, The presetee of thix inlet T wa i1 some tests
varinble (for different traces it ocreurved o o greater or ksser dogeee), T all
cusey where presout, 1t was conlined to near the wall, and retuafied luminar and
sl even whien far downstream, There wad no coreelition hetweol ity presenee
nud the latey How deviation, Hs satape i in marked eontrast to the Intor Qow
devintion whivh led loeully to o taelndlent How,

The Intor bifureation (i sotne tests there was more than iwo wedes) seetned
tu he o msdlostation of the fnlet wariability deserdhed i section G2, 'The ap-
pruranee uf this early vaciaddiity seenwed ooy rndows theee was oo coveeletion
hetween it and any external conditions exeept the sedtling tlne hotween Lmds,
Iowevey, the current settling Hine was optioms in veduedug (s distarbanee;
teerensing the time mereased the wvlability, ot extending the tdme did nof
recduee the taudormuess faethor Hung the present level. A sipnifeant olservtion
i Lhat the ey pofut of fnception seeped wfeeted Dy this Difneation, "This
allowed the wee of all dati, vepardloss of die uataee of these oudier deviatioes.
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Fipme 711 Muoitiple traves from U measuring, station GAD, /0t - 28,706,
illssteating the vaciability af the poiut of jueeption aud Lhe reseltant povinrbed
veloeity Hoeld: (1), lominar Qows (23 peetuched laminar Powg (3), fratisitional
{lows (1), turbundent Dows (5) shutdown varlability,

and obtait an hdivation of the variabil* " le extice test, data from diiforont
axinl statjonx woere combined after M awetlng the mean from each Lest,
The resultant data thus e w s, n with a sulliclent population to
druw Dyoad statistical conchisions,

For the test GXPA of whicl the data in Ggaee 701 B oo subset, the standard
tleviation ol the eutive dati wis LGEG s atd ¢no unmnber of data poluts was
WG, Meape 712 shows o bstogriun of the above datis ovident here is the
Desl=shiagsred steneture of the Idstopemim, ineicating that the disti i cdistrilnted
notnally about the meg.

The favt thi the ineeprion data was close to nornal, spgested that the fow
varintion ¥ ad u shimple statistieal natove, Sowe of the seatter was possibly dae
to orvors In estimstion. However, (e inpate vackabilite was ao lopge compoured
ter tle ervor in seleetion of the polat of transdtion = abont .1 s uneertainty - thad
the Litter elloet o the dataccould be salely ipnored, More worrving than simple
aliptinent srror, wits the possibility that vhawl processiing was Dntrodueing o
D dnter the duta: for ustaner by mdsisterpreting pheiotemn, Uolertunately
The et of the data neste it diiliewlt to forees any other means of provessing
fartherinme the normal distribation temded 10 Bydeate il systematie biaing
wis 3ol oeeneriyyn, Tlere was however, ne i way of niling omt the preseuce
ul e systoaatie i,
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1 (mis)

9.4
0.4 '

£(8)

Fire 7.10: A veloeity - thoe trace in the pipe centreline fay dowistrenm, show-
ing the convocted tnpbulent front, The data is EIS5.0082, with axial position
& R == 2000,

Thoe daks was fivst stoothed vy the standad sebowoe of section 3.L2, Traces
in wlich the point was oubiguom or naelewr weee ippored. The yesultiug des
viation time for each axinl station was then obtained by takiog the mean of
the valid times thus obtained. Thus for enell axial atation a sivgle valae was
abtained corresponding to the nreay thne of deviation there, Fartherwore, the
staeclard devistion of the datn gl each axial statiou could Do detormined.

Selection of this point was by the pature of the problem, muimal, The data
were loaded into Matlab, displaved an the coumter seceen, and the point of
dlovintion wax chosen by selecting it with the compabir mouse cursor, "o prevent
any Dia, the individual traces wore displaved without o senley furthermore, o
reforonee was Uuele 1o the ewserping resulis nudil all the inception points were
extractod,

.0 Varviability

As mentioned, a siigle Tweeption point was oblaiuwed by teking the meen of
twolve measurements at the snane statime. T all the tests, there was o fably
lnrge vidability botwoeen indiviciud deta, of the tine at which tie How deviation
way st noted, Fhoure .11 shows the twelve sans fio station GAUL slowing
the dispavity between tests, Ax can be seen, there I varlability innate to the
lsw sestean. The standard deviation of the resudting poiuts (i 1erus of tinw)
wits & o L0 s, This value translated jute o Revyokls inmbor vavia:ion of
approximately dp > 2 0L The statistieal disteilsation of the enrront poisis
wan of nferest, fu ovder (o jnevease the data papulation above twelee walues,
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Althongh thore §+ tisalignment betwoeen the fmbividnal traces and the curves
(e to the unpredictability aud non=repeatability of the deviation process « the
veloelty traced are indivilual vealisations whereas the eurves represent means),
the sories shiows the dovelopment of the flow systeas to good offeet, The following
foatures are ovident in this figure:

(1)

(i)

(iid)

(iv)

(v}

(vi)

(viD)

Near the inlet [ewmve (3), (2)) the landnar breakidown is followed by an
extetyded peifod of dizturbed lnnduar fow, Turbulent pufls may e seen,
Lt reversion to the disturbed laminar state usuatly ocenrs,

The deviations near to the inlet ace localised to the tlin bonndary laver
uo vore How perttrbstions are evident here, Velocity traces from the pipe
eontreline thus slow no deviatious for the eatire test duration.

Ad the wessuroment station progresses downstroan, [t-uer (4) - {G}],
tht puint of devintion oeeurs slghtly carlier, The conseguent laminar
struetures ave siwilae teonghout this reglon,

The point at whiel the honndary Twver {low reverts to a tuebuleut state
neenes b carlier tines when progressing feotn ecueve (1) to eeve (6). The
dimensinntess coptreline volodty of the velocity profle does not change
muelr in this eegfon, indieating (hat this turbulent phetomenon 8 of a
loeal nature, uot elfocting the shape of the eutive veloeity profile, Tu other
wortls, mwass-How consepvation olfeets nre restricted 1o the homdary layer,

For the more downstream profiles [rurves {7) - (10)], the point of {low
doeviation oveurs agaln ad  Jater thaw, The fuitial Qow deviation iz smaller,
it possesses & labper radind extont,

The turbubent frout oveurs elosor to the devintion poiul ag the point of
measuremont progresses downstreann  The omset of turbwienee in this
reglon Is ove raciadly extomsive, 1y ovldenced by the lwge tierease in
Lomudary Jayer velocity following the transition. The centval cove How
still remadux laygely ladunr i this ropjon, Tt the boundary lnyer hoes
cowes eompletely turbalont,

Vory e downsivenny, the fow couses G show any fuftial laninar deviation,
Tarbulenre ensues sichlenly as the mensurige station W overcome by &
pipeewide turlmlont frout, An exnmgle of this ix wot shown on figare 7.0
but snek a trace {8 given by Hgaee 710, This lgnve shows the conlreline
devintion for the messuritge stabion BI85, fr test EXDPE, The well dolined,
convectod tnehnlent feone fda Silva (1981)] s evident hiero,

Tvhd  Prediction of the inception point

The ddentifieation of the peiut of departre fom the Snudnar state wis made
Ty fnspecting each trace, ated graphicnlly seleetiog the start ol the plenmneuon.
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The two events oveurring in figure 7.8 - [aminar deviation and teansition - were
typically seen in most of the traces; the’r relative promivence depeuded on the
loeation of the teace withiu the inlot 1egion. Towards the infet plane, the lan-
inar deviation was well defived and persisted for an extended time, Turbulent
{ransition was cither ubsent complolely, or a gradual transition oveurred to the
turbulont srate,  As the weasuring station was moved dowtsteeant, the
hudent transition hegan w0 oveur wore and more as i thard foul’. indieating
that the transitional plienomenon was 1aking on the {orm of & conveeted slug
IWygnanski & Champagne (1973)]. Evea farther downstreun, the deviation
phenomenon disappeared cowpletely, and the corresponding Traces showed only
a conveeted turbntent frout, Figure 7.5 shows sehewmatbeally the entive speetrut
of transitional events for o single test,

40 ]

—— '
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Piguee 7.9 The natuee and timing of the trausition plenowens in the pipe
eutranee region. Data is selovted from the test GXPA Axdal stations arer (1),
PR s ILE (D), /I = PTG (B 1 = 300 (), /RO 288 (5), 0 B = 3008
(6h /R = J13 (T) /= 662 (8), /R o R0 (9), /R s 11T (10),
IR = 12200« = = dncoption {deviation fom Tnniwar fow): |, transitionad
hebinviour,

Traces from different axinl stations are superimposed on Cthe sime set of axes
for the test GXPAL The traces are offset Tron oue another in propartion to their
axial position; their mean is positioned a( their axinl position sud their wap-
nitude ix arbitrary. ‘Thus the Lorizontal seale ropresents distioee downstrean
fromny the exit. Superimposed on the Bpie is the stability enrve extracted fom
the Bl data for this test: the solid line vepresent: ay approximate fit through
(s clints, aned the dotted like the oceurrener of the wash-down rout. These
etrves woee obtajned by [tting i approstimate lne throngh the ameas deviation
and tragwition polnts for each axial station, These wean valnes were ealealnled
by averaging the twelve deviation/teatsition times st oack axial position,
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differed front run o s “The juabitity to captuee the outive plisuomenuon with
the LDV moethod justified the simplistic measarement approach of a single racdial
lieasurelseat station,

7.4.3 Description of the phenomena

Althongh the deviation plienmnenon vayie:  rom mn to mng and frotn station
1o station, wost of the irees (st were captared showed similar belavionr. A
typical tiniing trace is shown i figure 7.8 [trace (1)], "This is the data G132 0000,
anet shows clearly & number of counpon trowds, Superhuposed on the above
fipure is the same dats, but with the tzave uortaalised with respeet (o the mean
croxs seetional velocity ftrace (2))

1
R
06 | - -
0.4 o
0.2 I 0% il LR {2’} i a

0 .

0 § 10 15 0 25 30
£(8)

Figuye 7. A (ypleal veloelly = thge trace In the homdacy layer at the pipe
inlet, showiug the point of devintion ron undonar flow. (1), velocity tise trace;
(), veloclty thine teace noralised with respect 1o moan erasssectionsd volocity;
o, puitk of deviationt e, point of trausition.

In this figure, the fuitin] devintion [row the shuple buaaivar developmont s cleaely
shown by the sudden lnmiuar drop in vetoeity, marked with au open eieel  In
both the ordinary awd corrected Hpures a saootly, faaedsae deevease in veloelly
win noted, After the veloeity has decreaaed for o stuall time, teansitionat bee
haviour begins to arenr, The entive hboundary Liyor starts (o inevease rapidly in
voloeity » fu loth the phvsleal and normmlised ropresentadious - while elassieal
intermittence is noted fa the teaee, The point of Injtiation of this transiton
allect i incivated by the sobid cirele fn the Gpave. As hefore, the teansition hes
gins within the tiduning replon of the flow, "This is Dadicited by the iperease in
veloeity with tine in the novmndised representation of the wdisturbed veloelty
tLaeee,
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7.4.2 Method of measurement

The oliject of the thning experhmentation was nltimately to eapture the incep-
tion of the fow devintlos pheaommoenon withib the axial extoat of the llow, The
above section demonstrated that a single well chosen vadial measuring station
wis adeguite to infer tlie timing nformation ot an ssial positbon,  As men-
tloned, the wse of a point-tneisurewment device, fu coujnoetion with the fuuste
v rability of the fow breakdown, precluded oliaining any further Iovels of jis
formation {nature aud shape of the distatbaner, cfe) from the exporbmental
systoan, In order to capture detatled juformation on the flow departure, the
following experhental provedure wis ased:

(1) An axial station wus cliosen atdd the LIV mopsusing volume was moved
from the watl fnto the pipe. A mn was canduetad wnd the sesalts plot-
ted, The contral vohume was mwoved radially, wel many eh traces were
plotted,

(iiy With reforeuve to the plotted resnlts, a radial posiclon was visunlly selovted
thint shiowed the greatest magnitnde of perturnations. The measawing vol-
e waw then positioned ot this stution. Beeanse the exaet radial position
af the measuring volume was wneertadn?, and i the Bl of the weak do-
petcdenee within the boundary laver of ineeption thae on eadink positlon,
this position information was not measred,

{iH) With the weasuring volume appropaiately positioned, the appuvatus was
i bwelve tnes at the same radial position, AU twelve Braces wope stored,
The munber twelve was vather avhiteaey: awignilleant population of events
wis simply requived,  Aftor comnpletion of the twolve rans the LDV wis
then moved to anether axdal position, aud the above process was ropeated,

(iv) Che resslting data from ench timing station was simootlud vsing the siane
thitrdd proceduyo, i order 1o yeinove Droadening, thud vevenling any small
Inminar flow changes. The detn wis aef covreeteed for aptical dlutortion;
this wis hreptse only the timbye juforastion was of isferest, not the w.
mevieal value of the veloeity, The dutn was thin aormatised with respeet
to the Howrate (ueasieed using the lowieter), Apaiu, this normalisation
way with respoet to wie arbitvary datiu, the wagnitude of the resaltant
plot heing nnhwportant,

Prow vacl smoothed and nornmblised tenee, the fiest point of deviation
wand beleutified nsiug n graphival selection provedure, Thns for cael timing
siation, twelve thning vadues wore fdentifind,

——

{v

Twolve separate runs woye condueted per station beewise the ineeption poiut
showod an funate seatter, In gereral the speciliec shape of the perturlation

¢ was regeuaired that he bonudary lwer e aveneately eraversmd fu nnder s detenaine
praperly tie wall poslticns see sertjon 74
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Parallel development

The test was tuitied ab tisee £ = 2 seeoads (to allow suficient time for the
tink pressure Lo buil' npl thus all data is offset by this muount {from zero,
Fov eardy titues (2 - ¢ <0 5 secomds) the profiles develop away v e fopalint
condition at inception; that 5 the bowmdary fayer diwension ineyeases with o
corresponding inerease i ditnousionless eontreline volocity, ‘The wature of {his
developinent i ook Hke thit soon n hepalsively startemd pipe entranee Bows,
At abovt A seconds, bouwdary Lver developent halts, This thoe corresponds
to that uf whivh the duled front vonelios the ineasiergg station, or in ather words
the thme at which pou-purallel offects beain to oeenr, "The eliige to the non-
purallel regiie ocens carky st this particular station due to s proxteity to the
pipe indot, e beeanse ol this, the bonmduary laver retnadns relatively thin

Emvrance flow

Betwoen & ad abou 30 secotds the flow shows the mmsual frewd of bomud-
ary lver thinuing, Althougle slipht in this iustanee, the boudary lover traces
sliow an jnerease fu velocity, Not obvious in thiv fignre, but olsepvable, s o
counnelsrate doctoase in diwensionless contreline vefocity, divtatmd by {low
canservation acgmments, The trend towured s thimer bowudayy layver is miost
cloarly demonstrated by the trace Ibetlod (1) at 5 seeouds this traee ix dlearly
withln the houndary laver regiow, wherees by 30 secouds its veloelty value has
vietrdly altained 1he coutveline wnlue agabu, Figure 82 shows soleeted (raees
from Agnre B, superimposed to show these teeucds - this figuee offoetively repres
sonts b view of the data in figure 8.0 i a divection pavalle] to the ruldind {#/1)
axin, witl some fraces omitted for darite

The decvense In eentreline veloelty (st simultaneonsty the iserense in the
houndary bver veloeity) v eloarly evident bere, This reversion js grciiad wd
uniforny hetwoen the tines & aud 58 seconds Sone wavliess 1 ovident in the
two Loumekinry layer (races i dhis range, atd ths issue i sldvessed in seetion 8.3,

Flow hvoalclown

The velocity data Jmve hevn sunpled very conrsely = at hetween B3 and 1 1z
« jnarder to show the proiile develupient elemly, Thas they e e saitahle
for demanserating Ue nntnge or thndog of the Bow Deeakdown, owever, thie
inerease i amplionde of the Huets tons fu the houndary lyes traces {(1) aud
()] in fgore 82 for the vopion altey 30 seconds, indivates the presence of Lihis
Lireakdovan, ‘The flow showlg this transition is inlieated by the avei fabelbed
() I Lo 8.1 The eorvespenuding, contreline flow w? 1his tme vemalis napes-
turhod, "The {olhawing chapter will Juens spoeeilieally on the transition, aud to
this end will employ optiwally procesed data,
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appeweliz B, The chapter fivst diseasses in detad] data from a reprosentative
tosty duti most anited to this was that {from the test FXPB. Fhree profile mea-
sirements were codnebed for this testy one near the lolet at o/ - TG one
Intermedinte station at /8 = LLGTC while (e forthermost downstream wea-
sirement station was at /R - 9050 General chavactoristios of the data are
dhisenssod, thereilter, vaviability associated) with the indel is wontioued, drawing
on speeifie iustunces of thie data i opder to Thstrate the pletouwnn, Flually
the Hinitiug belavione of the experimestation atl low aceelerations s prosented,

8.2 Typical evolution of the velocity profiles

The data preseuted in the hilowing seetion ixe ng mentioned, from the test
FXTB, and embaendies the generie patterns of low bhehaviour seen experimontatly.
This section thas serves ws o fornw o introduce the goueral dow behaviour; more
oxceptimul amd comples belavione §s diseussed Tnter in the clapter,

8.2.1 ‘The flow variation near the inlet

The station FI3 wax the furthermost npstveam profile for this tost; iix axial
Psition Belug e/ 0 == 1869, Veloelty profiles weee exteactad ot cach second for
oty thnew, the inevotment hrevonsing to two xeconds towards the oud of e tost,
Fipure 8.1 shows these profiles potted ax aosaedace,
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Fimre 8.1 Novualised veloelty prolilos for the test FB3 (/R - 18.69), rojres
sentled as o surfaen,



Chapter 8

Experimental results -
velocity profiles

The expertimontal veloeity profile reatlts olitited ave presented i this chapter,
Qudy the prefile daty acquived Teom the espeviment ane piven liere, provessasd
in wecotdiee with Hie neethodolopy deserthed e the previons chapier. The
stubility wiud heeption venlis ave divwwssed fn the following el dor < chagtor 9,

8.1 Moethodology of presentation

The mewm of acquiviig the data for all fwelve tests was deseribed i tle pree
vious chapter {see figure T.A) For wach test, appraxboately Yheee profiles wore
mewstired, one ax close to e fndet s possibley and the othees evendy stapgered in
the dewnsteeatn diveetion. Al the protlles wore noviialised Boid i domain ol
ranpes the Dulepencont varishle was ¢ ¢ [0 1) while the veloeiey wos novpalised
witl respoet to the ngean vdoeity,

Yolueity profiles were extraciod st one or two secoud julervads ut epel station,
From these profiles vavious detivid quattities wore infiaved: lor justanee dis-
plicetnent tickness au] veloeity profile shape patnimeter? couldd Be extractod
fram these velocity profiies, The Reviohls manher wis availalide diveetly Trom
the dow moeter, henee the profiles condd e normadised without the neeesejty (o
eitraet thelr netta) wean velacity, AY the profile data fromw all the tests shoswed
vory siidlur hebaviowe. For this rason anly ropresentative prafiles wee pleen
hereg i paetjeulise data that depices st cleaedy comeen or huportan fatazes
i thie syatent Conversely, stattons showing wndgne bebaviony ave also prosettod
in detidl, Whete necessirys referenes = made to the fll daa set contniteed in
- 'l'lu- ti::ltl.l‘i; :l.'.fll;iill‘il-tlI._fll'l.l:.-lr.llﬂ'i',!illIl|l|_\‘ o the vhape patameter, Tt i aot to be confoaed
witl Vb identically menieed paneter anising frone the von Raviane Polilhwasen sandvain of (hie
Limuebwey liyer.
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thickness, The extracted 1adues wore D the corvect dimensionloss form to calet
late 8%/ 1 and 8. Firstly the controlisge velaeity (T.11) was alveicdy in the correct
form to be wsed 1o define the displacement thickuess - o pation (7.11)4 secoudly
the shape patmmeter eonkt be diveetdy evaduated Fom the extractod slope as

o2 x [-‘ff-'-] . (7.16)
dr [ |

7.7  Sununary

The testing med Tiodolopy amd method of data processiag, woue outtined ju detail
i s clugter, The vavions essponentinl Boweates of the tosts werr defised
aned the weans of aliponent. of the LI wivh the vig s disenssed, Following
this, the method of olfudning eth the veloeity profite data, and the point of
{flow breakdowan were piven, Fluadly, (he Qowaeter data wis cadibieated, o
aceurate estination of the Qoweate variation for tlie wests was tis obiained.
The following twa chaplers tespeetively give the results for the veleeity profile
nwastireient ad sibsoguent Qow byealedows fivse in cmptie & the profile data
are show, amd thea e ueeption inforation ave glven in elapter 8,
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This fitting procedure was optima for e exteaction ol the mean How rate (in-
topeal qumntity), but yivlded poor vesuits whew nsel to joder the widl shear stross
(edovivadive quentity). For thds reason o pveodine was developed specilivadly ta
axtract tlds purnaneier, along with the centeeline voloeity of the golile. To ol
tidu o aeeneate approstination 1o (ae wall shicar stross, a Jow order ficdvatic)
polenontial wax fitted to ondy the wall repioe of the bonadiary Lwer. Furthor-
wore, e it was wef foreed (o pass theonph the iufereed position of the wall,
The fow order cotnbinesd witle e endoseetent of the bowelary vonditions re-
sulted in o enrve whose slape seenpately followed that of the expetiimental data,
T contyeline point wis evabiiaded i ool the same wavs a lineayr leastsiiares
Bt wae made thronel e lhadted tepion of the core Qow, and the value ol thie
iutersection of this Hue with e vortical fvelocity) avis was talien as the contees
Hie veloeity, Fipure 7.20 shows an o o ple of two sefs ol points wand to i the
hemudary Javer and contreline approsimalious to s veloeits profile,

I-
L

i R

ng
't

rR

Plonee 7200 The approsiionte pohits tsed (o exteiet the wall devivative and
eeutreline veloeity [rom o noraudised veloeity peoliler fad, poiuts nsed to find
the wal) dovivativey (1), point used o dedortine the centreline veloeliy,

At the profiles Lad Been norosdised bedh in vadins and vedocity, the slope o
the wall e coutveline vidues extracted above wepe also nousdinpn<ional, The
eentreline veloeity value wis shuply the disoeisdo)os vadue

w gy (7. 1)

wlhile e veloeity derivative nt the wall wis

du it [ L
[}hi'], T [}ﬁ-],,‘ (T.15)

The derivative at (he wall was requived to calenlate the shape paremeter, while
the comroline vidue wis needed 1o evalnaie the Lompdary Tver displacenes
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7.6.2 Velocity profile shape parameter

While the displavetnent thickiess is an Dtepral ehesificiitin, the shape pario-
oter of Mo (108G is simply the diiensionless dorivative of the selocity prolile
at e pipe wall, I can Do defined as

r,.J!

tr_' .,.==H_ - .‘
y-9 Y {7.13)

witly iy the widdl shear stpess amd e e dviaimie vlseosioy, The will sl stress

f i fsoll piven v 1 - - [::’,']' o thns (7,123 cin b shuplilied 10 vield

it [du
9 L N R - !
a‘l - ‘.f_, [lh‘]' "- tl-l ”

In the present contest, where the velocity proiles ars notuadized radiatly to the
rinpe {0, 2] nd where the veloeity his heen made nou-dimessional aceording
to the mean erassosoetional velocity 170 the shape paraieter i simply &
=3 % [!f‘r"-]l. with o~ /0" amd v - /],

The shape pavayteter vaties from vabue julinity whers the Doundary Ty ap-
pronclies 2ero thivkuess, 1o 4 vabie of vlght cortespoadiug (o a parnbobie veloes
ity profile, It can abso e wsed sieeeetalle 1o guantlly o whole sge of profiles
with shapes move poinded® Hinn parabalie, ineliding profiles with pegative press
sire pridints, Such prodiles can have shape paianeters auywhere in the s
Mo N o Profiles with & o 0 in Baet show flow veveral il the wall, Both
displavoment hickues ael shape pataieter were seadily avoilable from the
experimental data, notaddy femu the eupve fittgy proesbioee (o be entlined i
seetion T below, As all experimer tal § roliles were nonalised, both pasone
ety conkl be extrets] divectly, with ue reference 1o il viscosity or otlier
paratueters,  This effectively elilndin ted courees of error om the extiaction
Jrocess, pertainiug, (ot determinion of o floid properties, Tuterestingly,
the auly quantity diveety depewbar on the find viseosity was the Revaolds
uuinher,

7.0.3 Volocity proflle curve iltting

Voloeity profiles Lad Loy pormadised with tespeet to el crossesoctional e
volovitios i seetion Y55, T the profiles thenrolves possesasd i i erons-
seetiomal vedovity of unitv. The wean erossesertional ylovity wis extraeted
fronu the velovity prodiles o ovder ta ealibiea. o Gie Qownseter, The earve Ktting,
procedure emploveld there vl a polvuamied die ro the entive howdary Taver,
matehed to o lower erder polvionsial for the eore flow.,
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of (7,20} in expunded sapd the pssnption is pade that pewers ju d* ave neplipible
vownpared to 1he pipe rucdivs'2, then the linear Torm heeomes

o 1 I .
wes(a) (r.i1)

The equation (T.11) bs eouivalent to saying 1hat the boundary laver in the pipe -
when thin « ean he “wurolled' aned approxitaied by o lat plate boundiey laver,
Althouple eepaation (7,211 is et plvsieally exaet when the hoadare sver thick
i, this preseats no problenss in the currest context for a muwaer of reasons,
Fiatly, the displactinent tLicdkness s simply o convenionee parmetor anyway,
thits an approximation te the exact povaneder in the prosest coutest wonbd
not held auy disiedvantapes, so Tong as the approximate pasuneter wis single
valued for all pipe hondeary davers, el the approxddmae pavioeter covtadnly
i, Seconcdly, auy pariaeter (g guant ilied the Loundary layer in an ntepral
seqtse wonkl lave g e sgaadlyv woll heres the displacement pavinieter was chosen
iudtially ouly bheeanse of its vonnneu wsape. Finalty, the chosen approximation
dues bovoine oxuet i the Hmdt ss the housboy yer disappeats, which allows
diveet compurison 1o fat-plite bolary layer pesults in thiz finit.  Apother
intevesting foatnve ol the displacement tdekness (both exaet ad approximate),
i that it ix dependent opdy ou Gie dimensionless contreline veloelty, Thus Hie
coutioline veloeity nommadised with vespoet to the mean flow vat. i i Tet an
eunally valid means of quantifviog the boundary Yayver i o ape. However, o
the present purposes the displacemont thickaess as given by {731 will be used
Bt esued, primserily Deesse 10 velates divectly to (e bowndary iver hickuess it-
sell, but also heepe §t allows diveet eomparison to boundary laver resvlts o
ollwer eoutests,

The contreline flow ix ondy veally analoouy to the oo strean flow when Hhe
buttnelary laver ix thitg that is when the How s06H possesses i eottval eote renion,
When the lenndary effoets pervide the entive pipe??, the contrefiue velocily is
ut lomgrer the windopgne of the freesstyean veleeity, aid hus both exact and g
proxinate deliuitiong of the displacesont Quekness vense 1o lisve auy phasical
meaning. Iy e light of the disensston above = coueerning, the physival covreets
uess of this paviueter © sueh a phvsieal fnvalidity is of ne comseguence, Tdesd
i puesholie velocity profile possosses s displavement thickuesy of & /1 = 0225,
bl s nugher is simgdy a paranetvie clssfication of this profile, The entive
cliliculty i semantiv, relating (o the word Ji plecement thivkness itsell,
T.‘:;;h :I;I_:‘I.";l:lnl_lllh;_:l‘; ;w vll'l.;i:'lrl-l:l';'llll to savingy that the displacement (dekness e muach
saabler s the pip e nadius,

A owd eritevion by whicle 6o jndpe the disaggranatee of a core Bow & te cousider when
(e covmuel anped Blgher devbvativen of the veloekiy prolile heeome e ot (he copd eedine,. Whien
Uhds Datppens, it iogsdien tht the prodite o longer Jal wear 1e ventee.
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Figiee 7.189; The delinjtion of the boundary laver displacoient thicknesa, The
flows ropresontod by the two shuded areas o < B = ¢ < ad 1 o b ¢ f are
ocputal.

Iu the vontext of a planae boundary laver, T7 s the eestteans veboeity, nnd the
displasement thickuess & s dellned suel that the bwo replous o~ b= e = o ad
b= = J hiave cqual neens, inplying that the low rate in e boundary layer «
across {he longth o - £~ 3 ecquud to e equivident muss How eate sl free-strenin
velocity acrost the juterface a = . In the honndary layer ocomering in a pipe
howover, the definition must be modified 10 take into accomt the axisynunetry,
In this latter context the mass Qow vate in the bhoundary layer s not sy
proportionsl to the arep under the eavve bat is rather the quantity

Gy =2 f ! vatryr, (7.9)

n

whore » is defined as r 2 B = g aned wfr) is the veloelty varintion in the pive,
The guantity ognivideni to the froe stroan velocity in o pipe ix the contreline
volocity, This is however aaly steietly plsically valld when the Gowckaey laver
is thing that jv, when the Qow cousists of 4 houndary liyver plus wellsdefine] core
reglon, g (he ahove concepts aloug with equation (7.9), the displacement
thickness inn pipe van be defined exaetly s

wy 2 H
(1 . ?}) L0 (7.10)

Uy

with 7 the moan eeossesoeionnd velocity given by 17 =z -i.';,";- j;," rrlerddr, u,. the
pipe centroline veloelty, wied B e pipe radlns, Bogoatlon (7.10) §s qnadyntic
i 0% nut allowing direct evaluation of the quantity. Ar approximation can be
nutele (0 the cogustion » valid as &* -+ 0« lineavi<iog it aod Uns allowing, dieet
vvaluatlon of the displacement thickuess, I the gquadratie on the leli-hamnl side
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7.5.5 Velocity profile normalisation

Althongh the velocity profiles were now non-dimensional jo ridding, the veloeity
war st dimensloual, Tt was decided to norpslise each expetimental profile
uding the wean erossesectional veloeity obtained from the calibrated flowinoter
data, As o rosalt all the profiles had o tsean cross-seetional veloeity of uuity,
nined the fowrate information was comtained only in the coryected data frow
the flowimeter. Thus, although ail the fowrates obtained by fnteseation wore
tmedd for calibrating the fowimeler, the sueeess of this ealibration obviated the
newl Lo nse the Intepraled data divectly to determnine the owrate or Reyuokds
mmber, 1'le normalisation nuule divees couspatlsons hotween diltvvent veloe-
ity profiles possible; profiles differing only in wagnitide wonld be jdentieal in
the vormalised Famework,. AR the oxporientat veloeity profiles were redneed
to this normalised form, allowing geneval comparison bhetween test data, The
full velocity profile snd otls o reslts ave presented in the following clagter -
chapter 8,

7.6 Derived quantitics

While the cotnsideration of the full velority profile varution in thue within the
pipe ks olucidating, the extraction of quantitative paraimeters foe aceurate de-
termination of the measired flow variation is perhaps wore uselul, Two derived
parameters wore considered in the eurrent context: Hrstly the dimonstontess
houndary layer displacement thickness 8* /R, whose defint. jon ean be found in
uny elementary Huid mechanics toxthook [e.g. Schitehting (19703 secondly, the
divaensiondesw wail shenr stross or relovity profile shape perameter, as defined
hy Moss (1985), Both these terms give a elue to the steaetore of the bowsdaey
Tryer. ‘The displecesent thickness b au fitegral-tike quatilleation of the hound-
ary lnver thicknesy, wherens the shape parnneler yiedds differentinl infortnation
fromy near the wall, Becanse of the different nautures of these twn factor, two
independent chavacterisations of the houudary Inver shosled he jrovidd by their
nse,

7.6.1 Displacement thickness

The displacement thickness i 0 quantiBeation of the degeit o the mass flow
caused Dy the prosenee of the bonwdary lver, Shoply speaking, if the honodary
layor woere ta hypothetically disappoar, amd the entire veloeity field wis to ns.
sitme the value of the fae strenm Dow, then the s ow woudd increase due to
the exeesst flow adjacent @ the widl, The displacenient thickness would then be
the thickness of G Indd laver at te wall that would liave to he exeluded from
the hypothedieal How to ensore the sune mass flow rate as when the bonuluey
Javer was prosent. This gquantity is shown dingraatically in pgure 7,19,
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Data from 1he flowmeter was sampled at 100 TEz The raw data from the Howine-
tor wax simaothed usiug the same procedure as ased for the LDV (races, oxeept
the normal (ol not welghted) mean and standard deviation algorithine were
omployed; the smeothed dati was smapled at 10 Iz, Smoothing wis neces-
unry hoeause the Howmeter data showed some sead ter, especially for the Jower
[lowrates, The distribution of the data about the wean was normal, revealing
the seattor 1o be trae rasdom nobse, thus averaging or smonthing of (he data
was eittirely valitd, The appeadix A contaius an evvor aunlvsis of the Hinemeler
tladiu

Due to experimental ubeertaintios ol non-finearity in the valve svstens, the
flow variation attained dild not exactly watel the expected vaviation showa in
the figtres, The ehmest maiching earves are those given in euee 716, T (Lis
flgure the experimental data is vietually budistingnishable from the predicted
flow varintion, The ouly neticeable diseropaney in this Hpure was seen al 1he
upper emd of the flow carees, The deviations at the npper end were cansed
Ty o stroug non-lineaity in the eontrol valve, resubting fn the control system
utidor-rompensnting at that point. Iu the foblowing two Bpures (lgees 7.7 aned
T8} devintions weve slightly wote mowked: i both sets of tosks the initial
experimentiad Revnokds mmiber did ot matel the predicied vidue, hut the dukn
converped thereafier. There was a problon maintaining an neevnrate impnisive
atart while still aveidiug overshoot. For the higher Revaokls oumboers Ut these
two fligures porlrny, sidershoot was anavoidable, A Turther aggravating factor
wia the lnege vauge of Reynolds mnuboers covered by the test, Feedbuek coutrol
parnmedovs Hhat wepe optinun for the midsrange of the fow resubted in singgish
Dediwviony at start=up. I1 cover optitndshig parametes for staef-up resnbied in
oscillntions a1 higher Reyuolds sumbers,

Althougly the actual flow enrves did deviate frow the expected valnes, thele
srfatlon throughont the yange was oot This allowed these data to he
approxhnated ux low order {<. T) polyumuialy, tine alfowing straiglitforward
exivaction of devivative and othe informationt!, Fuetievmeore, fmoring histovy
eifects, it wax not extromely bnportant that the actaal llow varlation follow 1he
proseribed {low exaetly, so Joty as the actaal vaviation be capturod corvoetly,
Using, the enpve Heting approach, the smouthing of the data deseribed above
witd fu faet wot pecessaey, A cueve fit to the ynsmoosthed data vielded resnlis
indlistinguislinble fom te enrve §it to the sinoothed How varlation. A geueral
polvimndal ltthg routlne was echosen over, for instance, an oxponential oue,
firstly bocise the former was readily avallable in Matlah - the ouelisiogent i
wltieh tho data wos processed = amd seemndly, to aveid Sdasivg the duta o ay
preconceived inner,

U nawledge af the Dowrate derivalive A will b i tand i the Juter adysic of e
fluw,
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Figure 7.17 The varintiou of the weasured Reyuolds monber with time, fov the
tostar (1), FXPA; (2), FXPB; (), FXDPC; (4), FAPD; =~ -~ expected varintion;
-, netund varintion,

¢ 1) 20 k13 N

t(5)
Vipure 718 The variation of the measured Rovnolds muuber with time, for
the tests: (1), GXTA; (2), GXPB; (3), GXPCY (1), GXPLY « - ~, expectod
vaviation; . actand vaciation,
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duration was of the order of 40 s, Tlhas with N = 1000 and the maximum
deviation u' fu = 2%, the standaved ervor was fusippificant at about 0.01%., Error
fn the flow measurement was thus neglipgtble el the viadability of 2% which
applied to the entiee ealibeaiion procvess wiss thots teken as the nuschonm oreor
fn the Howrate, Using the fitted data, all the low rate readings for all the tesiz
were corrected appropriately, The expevimentid data in Gpores 7.16 to 718 was
already calibrated acvording to the dita above.

7.5.4 Tlowrate variation with tiine

The closed loop Row control of the rig generated Hows which closely approxi-
trated those given by equation {7.1). Dependent on the vidues of the constants
Rey nue &, the flow control was able to mateh to a greater or losser degree the
chowen flow variation, Distuet values of these eonstants within the vanpe of
maxhunm acenracy wore chosen™, such that this range was adeguately covered,
The exported varintion of the Reynolds ummber with tinge for each tost s shown
in fipgwres 7,10, 7,17 and 718 below, Saperimposed on these ligures is shown the
actual Now varintion, Bach figure wopresonts o sel af tests with the sune initin!
Revuolds wnuber Ry,

40 000

3,

30000

Re
20 600

10000

0 20 40 o0 B0 100
F(8}

Figwre 7.16: The varintion of the measured Reynolds nunber with time, for

Bie testse (1), BXDIS (2), BXDF (3), BXDG (4) UXPAY = - =, expected

varintiony  , aetund veriation.

W A iwentionsd curlior, the respouse af the rig was detennined by mabtUarions Bwtors, such
s the vontral valve respes o svstem momentun, and Bowiseter osponse. The svitens s
lud sin fnheront range o - won In which the systetns® yesponse was sadBeiettly close te the
input signal (the chosen Bey variation). This range was ditoetty aseriballo to tess fennte
Nmitations of the individual conponents
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Further evidence for the noisreceprivity of the o to the low freguoucy waves
s tevealed by considering the amplitnde ol these wives and the sabseguesnt
nadure of the teapsitiom. In the present test, transition seems more or Jess
fstautancotsly evervwhore fu the eptranee at abont £ 70 sovonds, bat the en-
vironnwent {in tertis of the wiviness) is vty dillerent etween the ar-tpstreain
stutions sned those far downstieam. The veal o sators of e ttansition Jrecess
-~ whether Hnear waves atplilied D 1he entranes, findte anspditnde distarlaness
vonverted B thaongl te dndet, of o combination of Lath - ave likely to e ey
staller than the wipsles seen i the Hlow, but al the correet, seceptive lreguency
to dnduce (rasition, The deterduaton of e specttal content ol the ow
nuek the tmigruituede af the backnrowad disturbanee is considersd fn detadl in tHe
following: section,

8.4 'The level of finite amplitude disturbances

Al the ata wsed yutd) now cansisted o or wiss extracted o <teod hed velucite-
thur taces,  The suoothing process gemoved e aetnatine hiph-lregueney
vomponen! fium (e teaces, wsubting o smootd vivistjoms of e veloeity with
thue heing preseated, “Uie vnes of the swoathioe paramaeters wete set such
that tue bigh fregueney cut-alf of the ler was approxboately & e tlsd s,
freguencies above 5 112 were removed roan the sipnal,

It & well Tnown that the presence of inite-amplitnde distathanees moa How has
it profonnd effect on thid Dow's stalidlity helwviour fel. Hovtepy (19889 To thin
ek i wan docided 1o Divestipate the Jovel aed sature of the finite-uplitele
periurbatiots peosont ju the pipe ow, The LDV is unfortuuntely not an ideal
chviee for wessuriug, perturbation tmpuitude, Loecanse §js saubject o nany
forws of sipnal byoadoniug which can Doitate fake’ taeblesee. This wtmee
ol the LDV slgnal wim disensaed o detadl e chapteor 3. Ax a0 veanlt of those
lhuitations, it was docldod to eliuiuate as el s possible (e ameees of these
offpets i the s etral mvasirements,

To vesnove 1he ahove uitation, wsd to simplily the compatison Tetwern tests,
Howis deckdoed 1o measare the distadanee inepsity only at the contreline
tion near the julet, Measurenert of the speetrad chistacteristies lsge wits puulbe
primarily heeanse this poiut wis the Test indication ol G foade Tovel of disiae
bagnee converted thretph the falet, Twoe tepes of measuretent were uiule of the
snadl disturlanees: fivstly the chiveival distarbaee inte pxity was oxtricted as o
eitsnre of the pross disturbanee wapnitude, secondly the pereer speortrem was
wmesared fnoovede to pive an Diedication of the breguency range of the perturls-
tiotes, TTustmnothed wud ndilored LDV data were nsed for tle eisigennsmi s
i all eason, Twelve veloeliy-time traces weio iuvestinated in 1o1al, cortespotel
o, (e the wost upstvion contredine measiveme for the twelve dilfereomt Lests
conuetod,
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Figtre Xtk Velee ity ppnlile dar the teet AT o/ R 32850, represstta] as i
sarbaee,

8.3.3 Non-reeeptlvity to the flow waviness

The prosence of Lwpe oscillations in the iee Aow conld be taken o oventual
vatse By transition, by virtne of e inite-amplitnde’ envitiiment they imply,
Howoevey the experiniental ovidetee points to their wol o feeting, the trausition
of the How (o any large exront, Wlile the eventusl transition atwoest cortainly
takes plaee in a lnite.ampfitade vuvivoanent, the enrent wanes soetin ta be
uet of the riplt fregqueney o dedabilie the flowy the wavises dn the v of
the test XIS s ont Bsgneneies well nocder 1 152, whervas the jeceptive free
eoney al the howdary layer woubl be oxpected to be approsiately those of
the OrkSonuneelold wedes, s a0 quicl ovdersolnagniade delesination of
fhiese Togrenteios, U ability readta for e steasdy entramee Jow of Albol &
M (19804 van Beowsand s paidde? Tlere, at the miinstin evitical point the
wavennioler and celerity of the most uastalde wende are a0 R, o - UG5,
while the exitie ] Reynolds niber iy Begggyy 1166 Tl temporad fegieney
{in Thertz) of the most wetable distorlanee s pivon by

lll'h‘;i

2 1)

.!‘ - -

where B s the pipe seliv e and £ i e kinematie viscosity, which for watoy
at 257 Cja e NIRAGT - lll s Tor the euvrent valies piven above, tle
eritieal frequeney’ i fiog 5 10 IR Pl the wivtiess ditfers in lequency
I'mm the recoptive mm-n ul the How by two oxders ol nupnioude.

a cmmaer s ETTEEmE T

"ilu- fatet mandynim nill Jtnw llmt (he sieauby stabality bwhavwr s dloa o that of the
arveherating How
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or extracted LDV mean-flow data, bt was cuspeciod fo e prosent® i the How.,
Whatever (e actual et of the npevenness, fs presence iy U eatrance o,
iv mwinke, I contrast the paralle] dovelopiment yepion (2 < 1 < 8 secols)
i SHH simooth and voenler, This imbBeaten Char the aeveliess is not a plross
auss-llow effeet, sinee i will also hiwve been evident in the paralie] flow i it
Lo s, Phis wavy helavieur of the flow s as Lisfore of o random nature: e
aeqibly of traves in the lippre do wot wepresent one single plolal Ssuapshot’
of the flow, Al trees in the thiiuning vegion tewain peopethh honinar, e

vt B (his eose 30 e feeestyeatn How aud ouler oundarey laver: llow
neat the wall remssiniie suwothn Uhis i a <trone indivation that (he waviness
s not o bonndary hwver phetromennts, The bovider between the pavadlel amt
thinning, portions of the fow is aarhed by a distinet vidpe, indivatoed Ly (1) in
the igate, Protiles inmediately aftor thisoddge show cdistimet e lower centreline
veloeity, altbouph the bomelay kver developoent remads mndistaghed, e
ridpe i the so-called entranes Tnpp see it the other (s it stoong presence
nud the futeusity of the solvaguent variability weens to po st in-hid,

I the Hpeht of the disensdon conevrning the other flows (ections 83,1 onl 8.3,2
above), the halhuarks of the exponeattil aeceleration are <00 ovident despite
the stronp Quetgations i the Sow, Tor inatatiee, at alont 1 70 seeomdds in
tlie svrpent fpare. Bonudary Taver Dnvilichowa ovsttes s hefore, leawdiag, te o il
sndmbenat profile by the end of the (est "Uhe peaeral sienetsire of this Brealedown
plienonwnon ix identival to (hat weon D lipares 83 and 845 T despite e
Latee ntverdaitition i Che dliain 3t e be steesstlly interpreted nsing, the same
approach as hefore, Despite the randowness, Hae Bow belaves. predictably
the menn; lurthermore the teeition phieaomea )oenes completely aneelatt o,
and wallfected by the wavitess, ‘The wasiiness In the idividnal traces seetind
to wepnily a it progessed downstyeam, Observadion ol data e o rthey
npstrean station - TLAD at position /R 32099, piven o Brave S0 - altesty
lo thise T tlds fipnee O waviness wis testrdeted tenporally to the sopion
gt 1l transition peint between pitadiel aud Hiuning, Duw, aud spatially to
the onter mlpge of the bonndiny Lver, There was owever still o vidge presen
befween these fows - due guite probabily fo e exaet natsiee of (e start-up
buganlse, Most of (e Tnter thiuning vepion in this vise wiss bt completely
nagerinthed, v the transition phenomrenon wies Ums elmagte visible,

Fow the corvent ot (XA prodile iesvaeemmentsoan five ditlerent axiad sttions
woere eomdneted o fotal. The appendix B3 eomtains the other theee data - TALL
ITAL and TTALR. siven aes limvees Bads Bt aud B cespectivels Fheae lada
vlearly show the prospesive inersse in magtitiide of tee wiviiess dowastrean,
s well i the friasition 1o Dobnlent flow towitds the end of the 1,

P wa Illll‘lll'sl I attepprting, Jowes aveeleratestis than NP tie et Do visible
tw-Tooth wirves i the flowineter diata. Farthetnede dinet oboorvation of the ool vdlyve
rlurityy, best TISTUY sdivnwarrd 40 b Bne sbae Bt eliphtly towands te na0 of the teat

“Phiv Bassibetesen ivomt mesely woasdy down toedteon Seowall S JJusen m the aex shape,
e oy leakefown f the test XD oo nited alineed simsltaneotedv svepvwhene aoothan the
LR ILE T TR
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tadng vonpressed air (o drive o laepe evlimler attaeled to the vadve peodieaaud-
st arangement. This air evlinder lad 8 ronge of ‘volocitios” - tie wates of
ehiamge of valve posttion - aver which the ontpi! movement wiss siooth, At low
rates of vidve upeniug, e sealing arvaneenent of the piempatie piston ciesed
stickiness, resalting in aeven woveinent of the pistow il as o resabt jerky
sive opeoiig, This problet wiss thought 1o be the primary vioee of pose Bow
Dohawvionae at Jow aceelerations,

The exponential slupe of e yooguivel Bowrate enrve worsened Hie offeet of the
aticky valve. An expunertial fow requires low initial aceelevation, followd by
fereasdne rtes of acceleradion. Thins gy vadve sjerkiness’ wivy wid likely to
aveny at the bepinnig of the test when valve aeeelamtions were at theje low.
ety I the How start-np conld be warage] 1o b allicienth smontlh, then the
renginder of the test invadably rewmadieal woe This valve problem venbied oa
stepped fwrate vardation, ws Hie vadve alternately <ok aned then slippsd. The
presenee uf this saws=tootl wive hiael o profost elivet an the How, pencreting
vartable and wirvy veloclly profifes. Winiues seemed 1o be argravated by the
low weeelevntion ftselfy Tweanse the stabllisiug elfeets of aeeeleration were s
taneottsiy minimioad, A powd demonstration of the ellect of the low aceeeleviation
it tho tesd TIXPAL Thin tead ted 1l Jowest geeeloradion valie poe e 7006
on pape 136), amd the velocity prodile resnbts Teom the destatroant station are
showy i figure 8.9,

il
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Pipore 500 Novwalised velocite profiles Loz the ted HAG e/ 1LLATY
reprenentind e q sl

The proliles shown in fipnee %8 were weisatred al asdal station of8 TLLAT
Thie mptevertess of the How vartation wis wob Qiscernaible iy cither the fhoeietor
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To fllustrate the couvection of the b, lighre XX pives o sevies of veloeity-
time teaces, each Grome different axial stations in the test FXDPD, and sliowing jts
evolution, Althengh the data in this fipoaree is not Trom o singie test, vaising (e
~jtane ohjeetions voneeruing classification of an eeratie phegoieion as mentioned
it the previms cligpter, the poneral developinent teend is still evidont,
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Flgmee 833 The development of the eatranee *hang* with axisl position, for the
tost BXPE. The dotted e shows the approxiwate loews of the fulel hunm,

Thix conposite was coustivicted from teaces showlng, the larnest wannitude
s’y The evolution of this strnetire was vory sl to one seon i a serios
af experimtents comglueted by Wood [1181), ju wlieh axisenunet e disturbanees
woere introduesd into an itspuksively staranl pipe flow asing wn iviseslaphragm
mechonism In Ut study, limpe spatially loeshised i strnetares porsisted
far dowustreaw of the disturbines penerptor, and developed independent by of
the searrler’ base How, Tt van Le elearly seen that the bter flow brealicdown (at
ithuat 60 seeotds) B unrelted to the inlet o,

8.3.2 Flows at low accelerations

T twolve fesits caried ond vanggsl over o muuber of exponentia] aceelerntions;
these wore piven in the previows chapter, “Their vioee wis lndted by the physieal
cliacteristios of the experimontal appaviatus, At (e Lhipgh aceeloration o, the
respottse of the flow controb apparanes seb o Bmil above which an exponential
low vardatian could uo logper be aceneately madtained, At the Jow aeceleration
otnl, other effeets Huedted the sope of seeeleratian, taese being, primarily Jerki-
pess’ af the awechandeal valve, cowbined with the ftunate sensitivity of sueh low
arerjeration Hows (o chaupes i aceeleration, The attaliment of an exponential
How variation iu time reguived, as explisined earlior, (e olovtro-paesymatic con-
trol vilve to be moved cantingansdy meler chsed Joop control from a posdtion
ol high How restrietiog to st wore open ronfipnyadivn, This was achieved by
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8.3.1 'The inlet bump

Apirt from the vaukability deseribed above, there was another pheusnenon as-
crihed to the fufet: an dnder *bunap’ that conveeted downstrests and wis asso-
ciateed with the interface Lhetween the paratlel low awl the following, eutraaee
flow, ‘I'lis was intenittent It seeped also o be related 1o the details of the
fnitial hopulsive start, Culortanately it wis uot possible to select suitalile start-
up eomditions freely, s some fests wore more suseeptible to this offeet thian
others, A good oxnmple of i best sliowiup, this elleet stronely is XL Profiles
fvonn the staflon FN3 (rf R~ 36,31 are shown in figuee 87
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Fipgure 8.7 Veloelty prafiles for the st FD3 (/3 2 36,310, reprosontetl ax o
surface, (1), the julet Inans.

Fipnre 8.7 prosons datn e a station elose to the indet, Tu this lipure a laege
tetwporadly lovalised wave ean be seen ut tine 10 1o 15 secods, Tts tenaporal
loeation s sl Qe parallel-entrance interfiee, and 103 eactind location is approsd.
metely in the onter part of the boandary Tnver wnd adjacent feeestveam o,
Ax with the vaviability described in the provious section, the appearanee wnd
wagnitde of this wave was eotie, T, ay belore, the wive showy fu the
fipare is ned w plobal vepresestation of the phenomeno tather it i3 an asene
bly of separnte traees i which the disturbanee oceurred epeatleally. While the
steneture of this phenowenow conbil not be juferved from e prolile data, olsers
vation of the individaal traces showed that it was kaafnar and poessibly vortieal
in nature, The strueture peesisted and webntadned its deatite far dowustreun,
alwiys sppearing i a sinde nanp’ on the voloeily traee. Although guite kage,
Hhe Innng seemed (o convert thrangh the flow, leaving behiud o velacity el
nnaffected by it pussing, This N evident i lignre 8.5, whers the (vaees aflor
about 15 seeonds simply revert to their nornal evolution,
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measnrenient device, wis eapable of measuring the flow variation o only a sine
gle point in the pipe for any siugle van, The process of mepsuring a velocity
profile resulted in moving the measaring volue throvgh the houndary Bayver,
positionlug 1t a. diflorent radial stations, awd repeating the van. Tlns with the
glabel varinhility assoviated with the llow, the assembly of sepavate traces (frotn
difforont runs} would resubt in a velocity proiile whese boundary lyer showed
wavitiens in the radial divection, even Hrough e separale runs had smooth pro-
Jitey diffeving andy slightly from one another, 'Thus the waviness of the bowndary
layor D the (Linuing region of the fow, as for example shown in figuee R4, i
i all probability simply due to assembly of (races oltaied feow llows which
diffored stightly, std s not unate to the system. It wore possible to slohally
rapture & veloeity prolile from the cnerent Bow, it wonld show smooth regnlar
belaviomry with o wiviness,

The three-cdhinenstonal veloeity profiles shown eaglley were construeted divectly
feoty the sitoothed traces, whereas derfved dida sweh ax the mean flow rate
or eontreline velocity wore oxtracted by fiting an interpobated Bne throuph all
che houndary Twver poinds at el time, Thos 1o calenlote dorived bontary
lwer quantities, the ween veloeity varintton of the entive howdary layer was
offertively mred. Fignre 8.6 sliows the profile o the stetion FI85 (e/0 = 00.53)
it == 22w, showlig an interpolated eneve to the eaw data potuts,

l.e B A T Tt SCTIE IEEPR R - - \ [T

w7

] 0.2 Bt 0.4 0.8 i
R
Fignre 860 The veloelty profite Dow tye test FBS (o/ 07 =0 90.54) ab thoe 22
secouds o measeed ditag  iuterpoladed eurve,

This profile is from the mest vadable ropion of the station FII5; nevertheless the
sl ter v insignilicant when compared 1o (e interpolated enrve, Thns in torns
of the extraction of velovity profiles, the devintions in the individual teaces wore
wholly hesignificant.
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thickness imereases, The variation of this parametor for all thiree stations is given
in figure 8.5.

13 ‘. -.
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Fignre 8.5 The temporal varintion of dimensionless contieline veiocity in tae,
for the test FXPB: o, P33 (el = 13,60 o FD {(&/B - BLGLY o FB5
(/B = 9051),

It 18 elearly evident that all three curves depaet from a siugle curve - the devel-
apment tarve for flow infinitely Gy from the pipe inlet - aud that (ke varons
times of departure aye in velative proportion to the station's distuee eom the
indot, The variation of the boundsey kyver i time for all the tests will be pre-
seated in o more complete form dater in the chapter, where 1he houndaey luyer
displacoment thickness wnd dimensiotdess wall shear stross will bo wasd as chan-
actervishag parmnotors, Flestly the fsae of inlot arjability wnd inlet eflects will
be addressed,

8.3 Iulet varinbility and inlet offects

Whepeas the parallel developimest vepion was very smootl, unilorin aud re.
pesalalsle, the bonudary layer thiuniug flow showed fue greatoe saeinlddicy, This
phebomeney was wentioned i the previous chinpter and eavlior in the enerent
ono, sl was aseribed to o peenliaeity of the julot contraction in conjunction
witlt the nature of the nitial impulsive stuet,

The wtost probabie explasation for Hie ehserved varability iuvolves a smadl rn-
o fudet offect, affecting slphtly the plobal shape of the velocity prodiles, in
vonjuyetion with the point-measirement natare of the LDV methed. Sy
put, sliphtly difforent inlet boundary eomditions to the Qow at time 2evo oes
curred every thue a run wiss condueted, whiels resnited i the bonndary layer
slape during the thiniug, vepion (the rogion dn which adet ellects Jinad Leey
corverled downstreiun ) ditferiug i) Uy Between runs, The LDV, being a poiut
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upstreant to rouveet into this yegion: it s oy this reason that this datin shows
1o welvaneed Lrausitional beluviour,

For the tost FXI'B, a thind set of profites was ieasteed Soethoe downst reain, at
R 905, aind thds data ix presonted in lignee 84, Agein the sequeicee of
events ix fundlimg an faitiad erease in boundary laver thickiess connoeussirate
with the paraliel Bow developtuents next a regiou of Dowsdaey Taver thindug,
followedd by the development of boundary laver portwebations leading Bualiy
to o turbulent velocity profile.  Ax belore, the relative extent of the yepions
tlilfers necording, to the axial stetbmg the enerent dada show o fae laeper pavadiol
developuent vepion {han either of the (wo provions data sets,

1.5 Eh
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1 0
Fignee 8al: Norowdised velociy proliles for e tesd FIS (/R =2 90.54), vopes
senteed s sarfuee,

8.2.3 Similarity between the paratlel development regions

OF iterest s the parailel (early time) developing region of each profile vot, It
would be expoeted that the prolile develapment at eicl of the statious would
be identical hereo T this region, the Bow sbould Die develapiupg as 1 it weee au
felefinite distanee from the indet, with ue radial voloeity component, aned ax a
vosult the conditions at all sations should be dentieal. The staet of the bowd-
ary kver thinming region, ax heradded Ty the acrbeal of sntranee Hose, naks the
thie at which the Bow starts to be Inflaenced Dy the ket hawndary couditions,
ane thus the polud at which dilforewees hotween the wossuaving stations shoukd
beeanse appareut. A erwde yet elesr fudivator of the state of the veloelty pro-
file within the pipe is the dimensioniess eonteeline veloeiiy, The value of this
paranieler & wudty ab stact-ap, Juereaslng quaotonieatly as 1he bontdary Lyer
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Fipare 8,.3; Novtnabised veloeity profiles for the test FIBL (/B -~ L461), ropre-
sentod nx A surface,

the end of this phase is larper than at the infet station. As hefore the parallel
repion ends when the pipe inlet vegion conveeds past the measariug station,

The region defined hy 12 < 1 < 98 secowds 8 the houndary leyer thinntng
repdon of 1he flow, Apain the thinuing effeet ix gradoal, with the homudaey layer
shiowing a sfow vet cousistont deevease in dimeusjon with time, Noticonble apgain
i the slight variability in this vopion - the traces at duplicate stations within
the bowntacy laver at thix point do vot lie conenreetdy, bt devinde slightly
fronn one snother, As montioned eavlior, this variahility v diseussed o dedail in
soriion 8.4,

Al t =3 34 sovonds, Lomudary laver § erturbadions are noticealdo, ad the bounds
ary layer hecomes more amd more disturbed, auth by 35 seconds almosd the
ondire veloeity proflle is tarbadeat, Phis fow broenkdown progresses T o dise
Huetiy nrinnr waviess « Hinited 10 2 small tegion of the honucdary lavor - to o
more widesprowt transitional process Haally resulting fu a turbilent howmlary
faver, "The [ully 1arbulont prafite presest after § = 2% < qnite Jikely oviginaed -
ey upstreaz fro perturbations in the houndary yer that luwd grown while
corverting downstreant, This conelusion van be supported by resulis of 1he in-
coption datn, presenteed later. These resuits show that o sabstantinl portion of
the boundary liver within the entrence reglon seeds to show g boninar reak-
deners nuore oy less sinsttstemsly, The vesnlts of suel o nlobal brealetown wounld
Tee exaetly those seen bu lignre 8.3 - initial laninar waviness JoenD). followed Ly
trausttion to turbidence, tripgered Ty the presence of converted & - . nees
fromy Tuethier upstrean, This is corroborated by considering apaic 1 e 8.1,
wlhere beeauso of the proxtmity to the inlst plane, there was po o tabilily far
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Fignre 8.2 Superimposed nevmulise] veloeity traces for the test FB3 (/R =
13.69), bow seleetod radiad stations: (L) »/R = 0970 (2), #/8 = (L032; (3),
rfR = BBGG; (4), /R = 0838 (5} rfR = 0 (controling),

The velovity profiles shown in figure 8.1 have hoes assenibled from fndlvidual
LDV traees; thus each velocity-time reading corvesponds to o separate exporis
mental rn, As dlstussed o the previons chapter, the events during aud alter
trausition were nat repeatable in strueture to auy great extont - the timing of
thiefr ineoption seemoed prodiciable with some statistionl voriation, but sulmen
auent devistion was not unique in unture, For this reasots It was not possible
to deaw auy strong conclusdons aboul global strueture of the fow breakdown
from this data, The vacdial extent of Lhe perturhation was, however, locolised to
the boundary layer alone, At this eurreat - e wpstronm - siatlon, the seale of
the flow breakedown wax still minoe; progressing downstrestn, these [uctuations,
while shilar In nature, bocome fur wore pronotced amd are dlvewsed below,

8.2,2 Profile development furthier dow+stream

While the flow ot the indet impintained a very thin howwdeey layer, that furtler
dowustream showed B more marked doveloppont during the test, Figuee 8.3
ahows this development for the station I3, loeated at axial position o/ =
41,01,

This data shows aualogous trewds 1o Lhe inlet (ows as before, the homdary lnyer
initinly develops away froa the top=lat* coudition at staxt-np, this reghne helug
followed by a roglon of bowdary Taver thinuing, wud finally fdow breakdown,
Tle initial parallel development however, avewrs aver a fur longer time, up nutil
# o= 12 secowdss "This prolopped developiment thme &2 due to the moeasurlug
station's nrger distatsee frot the pipe inlet, resubiing in o greator thoe hefore
the entranee fow reaches the station. Agsin, beeause of the extra duaton of
thie parallel developinest of the How, the masinmm homssdiey laeer thickuess at
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Fignre % & Supevimpuosed normadised volocity traves for the test FB8 (o =
13.69), from seleeted cadind stntions: (1. #/1 = DITH (D), /R < 0033 {3),
rf I = O8GG: (1), 200 == 0838 (5% rf R =2 O {ventreline),

The voloeity profiles shown in dgare 2.1 have Deeon assetabbed e inelividual
LBV tracesy tne cach veloclly-time reading corresponds to o separate experis
mental . As diseussed dn the previous chapter, (he events duting awd aflor
trausition were not repeatable in straeture to any gread extent - the timing of
thede inception seemed prediviable with somie statistival vagdation, It subse-
yrent devintion was not unigue in nature. For this reason it was not possible
1o denw auy streng conclustous abone plobal stencture of the flow renkdown
fronn this data. The radial extont of the peeturbation was, however, loealised to
the howuduey layer alone. At this eurrent - fir upstrean « station, e seale of
the flow breakdown wi still minor; progeessing downstrean, these Aeeitations,
while stmilar in natare, becowe by more prononnced and ave disenssel below,

8.2,2 Profilc development lurther downstream

While the How at the julet maintained a vory thin bosudary lver, that further
tdlownstronty showed Lie more narked developineat during the test, Figure 8.0
shows (hiv developuent for the station FI3, tocated o axial position »/ 01 =
LLGE,

Thix dut xhows analopons tretds (o he dndot How; as helore, 1the houndary Lyver
initinlly develops away leon the *top-hat* condition at starteug, fis rephne bojng
followed by o vepion of hoopdary Javer (hivudng, ame! Gnally flow heealelown,
The juitinl parallel developmett howevey, ocenes over o Bae lotger thae, 1 wdtil
[ =2 13 seentdss This probanpged developiett 1hne is due 1o the measting
slution's Lurper distanes ooy the pipe fulet, reswlting in o geeater e belure
the entrapee fow reicles 1he statjon. Apain, beeause of the exira duration of
the paritllel develupent of the fow, the maximum boundary bver thickness al
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Figuge 8,1% The varlion in experimestal hape parameter aud displicoment
ldektiess, us a Datetfon of tiawe, for the test BXDT 0k 005, f - 3008 o,
BELte/B G300 - ERF2 /R 000 < BIN (efR - 134,
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are aceieate, The voutinning inerease of envve FAS duzing awd alter trandtion
wes puzeling. I wies seen i thie shape pavanetes Jata that the iulet front
arrived liere st abattt 30 secomds, thins o reversion 1o decresdng, * wonld be
expoctel, The eontitvnel 1 crease iu this parinneser wis possibdy dae (o nlet
effects (e *Dlig'y ar The nitial trasitional process iulueiag profiles with beper
than nsnal centreline velocities. The resalt was that the displaectnent thickies
downstyan seetned o contiune developitg as sormal.

8.7 Comprolionsive variations of the derived param-
oters

"The proviens secHon spevilically used e resnbts from the test FXIYL inoorder
to iutraduc btk the vodovity prdile shape pavameter, aund thie displicenient
thickuesa, This fost presented o variation in these pariometers that was typieal
of the peueral behaviow: of all the expourntialle aceelorating Bows moasiuroed,
This tost was priwarily choeson bevapse it showed bupge variation: in the shape
parametor. As well as beisg nend Gy o penerad intradaetion, i wis also nsed
t dewonstrate e coprection provedure for the shape paraaetor datiss What
folloness Dedow s proseudation ol all i dats - both displueement thickness atul
slugpo parasedor - o1 each of the renududuy, eleven tests, The diska i presented
i sequential ovder, wsd haninating connmentary i preseutel whore necessary,
Thata frow the List test « XA = wis however prouped with the <K sepbes of
tosts, Liecattse of the similaeity 1 nitnd npnbsive Revnolds numbors ol the
formor test with the latior o,

8.7.1 The tests EXPRE, EXPF, EXPA and IIXDPA

Tl fignrex R4, 81940, 820 and 8,21 below represont the vardstion of both the
easred displacenent thivkness awd velovity profile shape parameter in tine,
{or the B revies of tests, The approxiosate exponential aveelezation cogstut s
Fowwd B are indieated o sach fipnre,
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8.6.2 Displacemoent thickness

Tie: tlimensionless contredine veloeity and Lenee Hie displacoment tldckness wore
not sabject to the e systommatie variability ax was the shape paraiter, 1t
I shown i seetion A3 that 1he orror in the wall pasition has a negligible
effoct ot the moean Qow rate and Lewee on the displacenent thickness,  ‘The
orpor airabysis in soction A of the siwe appendiz shows the uncertainty iy ihe
contreline detertduation to e abont 1%, Thix was boyae owt by the extracted
datn « eurves of displacement thickuess af different stations from s sinple (et
showed vonenrernee in the displacement thickness developaent ju their purallel
doveloping rogions, Figure BT shows the variction of the displwement (hickness
In thue for the sawe test FXPA g nsed o the proviows seeiion,
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Flgure 8,17 The variation in experiental displaceonent thickuess as o fanetion
of time, for the test FXIN\ o, FAD (/R = 230.52% o, FAL Le/R 2 18.0T) X,
TAS (/R = 6TR1) , moean Hehal lines,

The trowds in the nhove datn were shindlae to those shown in the vayintion of
the eontreline veloelty in gure 8.5: this was expeetnd leeanse 1he dispheetent
tldelimess was decheed diveetly row the coptreline veloelty, The value of 8* /1
{or all three curves neeensed papicdly fom zevo at e £ 2s- the tie of low
invoption, {hereafter the most npstremn eneve reverted to bovodary luver 1hios
uing bohavienr, with the displucemont. thicknes deereashyy, gradoally om the
maxinmin polut, The station PAD » the wext wmost downstrenn statlon = showed
further bowsdney Sver developinent Lefore thivudng beliweions commenend, The
tuost downstrown station FAS slusved no deeroase n the displaesuent thickness,

The transition iu the fow was soon o oceur af stadfans B and FAL af abont
B2 weeotds, and ab TAY alter son e 30 seeowds, "The bebaviour of FAD aud FAL
aveitne oye vayiahle af franxition, fmt in both cases the displacement tlivkuess
vontaneml emlucitg, Uolike in the ease ol tHhe <hape praneter, iwid Beeanse of
wd futepral mtnre, the oxteaction of * remained velidively acenpate thronglont
transition ;un] within the tarbslent yepiuge, 1y the Tudl exteut of these earves
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Figure 8.16: The variution of e cortected volueity profile shape parameter with
tihae, Tor the test FXPA o, FAD (/7 - 205200 o, AT (/8- 180T ~, T
(eI = GTRE) e Bfted Tues,

slnpe parmnetor rewched @ lower value before coversion 1o the thivminp, vepion
oerurred. The inerosse fu N s e (hinuing Bow was more gl thio af
station FAL aned slight waviness way evidend, possibly due 1o indet offects, The
transition between the parallel szl tiandte resimes was also more gacdual
than at the upstream station. The station FAY - curve TAS ~ win positioned
fur dowustreaut, wnd the parallel develupureat of the low thns persisted for
the predominanee of the test, Ax would he expected, the mte of decersme i
S redueed until ot 30 seconds the enrve was beconing ympiolie to smue
fingd vadne of 8 At 30 secouds the folet front arvived, apain reveesiup (e
developint trond, Shartly alterwaids tensitionad Bow From npsieoion was
conveetod thranph the station, This resulted in o raphd inerswe 1S, not Jdue
to the thiuning ow behavieuy but cansed by trmmition te (urbulenee,

Transition and the shape paramotor

In ol chyve earves How breakdown aveneved « stinnlagooashe il aliont 232 secon s
insurves FAD mel FAL ad alter 30 secouds i ouvee AL Fhe procoss of
extricting the sl paraametey wics not however suited to messuring ity vabie
i Dlphly woriable veloehy profiles”, neitler wis the positioning, of measurng
stidions adequnte 10 extract (e wall shear stress in trsitional or oobaleyt
Lowmnlary favers, The eurves aftey the puing of transdtion shown above were
thus inacenrate, Readisticadiv, the tarbade pact of U low slionkd luwe shown
i very Digl shape paratueter hiope,

"l Bow |Ir_lul|.t|lmll\\;'i a oo process, e events seomaiyyy ot dightly different times
[or ditlocent tostn, Thas the composite velueits praliles faon this ppion wetr uot coerect and
sliswed w Soepe seatter i the bomdars laver.
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Fipnee %15 T corvected experimental shope pagameter as a fanetion ol Guae,
for te test FXIWN: (1), FAN (/10 - 25500 00), FAL (of R BLOTY (3), A
o/l GTRD,

8.6 Typical hehaviour of the dorived parmnctoers

The privenee of o svstongatic experiimental error was aecanited Fae and olimis
mateel in the provio section, It this sortion, reprosentative variations of dis
plawvemeat thickness ad shiape paviuneter from the test. FXPA ave piven. 1o
illustrate the pgenerie experimental belmvione of these parinetens,

8.6.1 Volocity prollic shape parametoer

The ponieral helaviony of the aeeslevatinp pipe {1 w i inmedintely apparent
the coryectd duti of e %035, whivh s repoated holow as fipaee 806 Pata
potits phu e fieted lines e oo given in vthe ligae below, in ordet to
efnplupstie the penetal experinicatal troads®,

Pl lbeartieul pazallot Bow dovelopinent at all nwasuyiog, statious s evideneed
by the deervase in & witl fine « deeveasing, S 35 consdstont with a tlichening
Tnebiary Lver, Fluoapprariowes of te entvanee Qow a vach of the three seations
i jumisedintely ovident, The Hrst atadion te anderpo toversiot 1o honadary
Liwer thinniug regitie wins FAL - the stadden FAL - el this ocenvied ar tine 6
seeimels, AL this point, (le decresse ju & with £ was Bafted, the ourve showing a
sttedelegn elisnpe booan iereasdtge teond, "This ersee I & was fr more eradual
tHa the deereese « vonsistent with the Wduw deeroase i bonadary gver 1hickness
in the thinning, repion seept i bothe the profile and codroline data, At e
tevnediante wtntion FAD pavallel developoent posisted Jor bnpers henee the

- "'l.'l.u.' ;'I’ll{-ll.‘ I»piuwlil whinen uf Bipanee 1T war spoeeiicadly inteneded (o illustrade the prosis
of cueve idipnmmt.
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Fipnre 8,14 The nueorvected experimental slape pavameter as o fouetion of
thae, Tor the test XA, showing the svstenatie dovintion hoetween pesults from
e diffrent treasneiug stations: (1), FAOQ (/00 = 20000 ), FAL (/R .
13.07h G VA (/1 - Y.R1D),

8.5.2 Correction of systematic ervors i &

Application of the correetion factor (8.0) was made, aud corveetions weee agplicd
tor all Hree eneves, The (hree Baufors were ciesen suel Uil thely position év the
wean remaium] sundbered, As there wns no fixed eeferenee value by which the
correctness of shiape eowdd be aseertadned, fiis wean posbiiomng of the curves
wis the most natneal wethod to use, The fBetors were adfnstod by visally
obsotving the data nutl the paralle]l portion of the corves Lovanie conenprent,

For the enrve {1} the ecorrection Lacfor was dg o = 0005, enrve (21 had no
carveetion apphied, while for (3) the factor was &g, = 0005 "Phe resalt of
the gpplication of these correeton valnes wis the datn shown in figuee X305

What i« inenedindoly apparent i the corvected dati i (he abimost exael corre-
Intion Bretwoeen the eneves duriup the parallel developisgg part ol the flow. Apart
frow the Hrst vabne = which wis snbjoet to e oovor dntrodiesd T (e siaothe
g of the hnpnlsive staet to the veloeity traces = the Uee eneves are virtuakly
couenerent,

The correetion procedure [ov the shape pavioneter ts shawed isell o bhe ae
curate at carrerting diseremaneies in the measured shape pacwueter, 10 was,
however, pointed ont thist vo fudependent vevilication of 1he cotrect sliape pia
tinetey wis availables An ideal tealibration’ tool fy the corrortion provess
wothd lnwe beop o wall monsted sliear sivess probe or similor dovies; nuforty,.
ey dane was available for the i
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8.5.1 Errors in the velocity derivative at the wall

The process of extractiig (e wall sheay stress was prone to lurpe sestematic
errory, due (o the nuknown position of the wall, Tn the previous viaptor, thie wall
position wis inforeed by extrapolation, while heve the derdvitive st the walb was
ealelaled by a shmdlar eneveslitting, procedimee, Tn the enrrent detetinination
of slope, the inferred wall position was ineladed among the poiyks gsed Tor 15e
eurve [it. While the two procedures « findiug the wall e i the slope st the
wall - may seery jdentienl, the forprer was tsud onaseleetion of proliles, the wall
value from eack Doty comblned and Hie e wall value 1aken as the inlerped
wall position. The velocity poluts nsed o determine the stope st the wall thus
eontadued u wall poiut detesnined from the avorage extrapulation for all the
voloeity proflles. Using this wein wall pusition was hoth phiysieally correct (the
watll «litd not mwove ducing o ran) and acted to eliminate any idiosyuerasios al
partionlur wall stations. For justanee, i a volocity polid near the wall showed
i deviction {due to the Dow vardadaility), o euwrve Jic throuphl the data woukl
e deastieally difforeul to one thronph data showing ao steh viadability. The
adldition of the wall point sauppdied estra’ global Hdurmation abosat the most
Tikely positioning of the wall, veducing Snetuations in the depjvative as the wall
eamed by varfability of the veloeity traces,

While hueluding the wall poiut in the data reduesd saefalility, any error in
position of tiis poiut woukd introdues highly systmibatic errors into $he measured
slope at the wadl, For fnstanee if the wall hied been determined ta e displaceed
furthee outwareds thay it actually was, all the wall depvative valios would e
lower tlian they should e Vor sl orvors fu wal]l positiondng, the oveor Jn
the slope wonld be approximaled by o constuut muitiplhed Ly the squaee of the
slope, thut s, of the Tsrn

du del’ e
prd N b IO 4 I el

Here the priveed devivictive reproseads the meemeed slope aud 1he dovivative un
tho lefi-haud sjde ol the spradion the actuad slope, Seetion A3 of the appendix
dloviven this eyror esthmale,

The aunlysix fn this appendix showed that sysdematic deviations of approxic
mitely A5 2 shionld e expecied fic the data, Procisely thix level of deviatlon
wis fomul, fortunately at only some wensaring stdions, igme 810 bhelow
shows sl pavagoter data For the test FXTA, which showed diserepaneies
between sl three enrves,

Tor the oilys parallel portion ol the How, it woitld o expeeted that the vardation
af shape with time wonh] be identieal lor all thyee rarves. As cpn be seen, the
thiee eueves wre cortainuly sof cotenrrent at this ends in Get eveve (3« frow
the fethermost downstroam sodion « eals ackoss the other two,
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Fignre 8.1 Thoe power specioiwn for the eeutrelive low at the fnlet, for the (st
FXDPA. Dada vessianplod at 100 He,

banees I the rauge of flow veveptivity is thus low, The reeord leapgth nsed to
obtain the speetrum above comprised the entire experlniental data. Although
this data was nortalised to make it a statfonary random proeess, some doubt
st e expressed about the validity of extracting the spectrum from the en-
tive duta, which physieelly was nof stationary. Unfortunately the nse of shortoer
record longtls introduced variability futo the spectea, dae to the low muanber of
points, A compurison of subeapeetea feons asivple record did, however, hudicate
that uot wneh chuvge b thoe spoeteal distribution ocevreed daing the test, Thay
iy erud: aavesuee of the fregquency distribution of the flow, the data shiown fu
figure 8,13 iz approxine-+ 1y valld,

8.5 Furthor data processing

The weans of extracting the displacemeut thicless ond velecity profile shape
parneter fron the experimoental dativ were deseribed in section 7.6, The ox-
teaetion of the displaeement thickuess vickled aeearate resulis, bt the deter
mination of the shape paenmeter was subjeet fo nalorsoon errors, This seelion
deserllbos the fuether dida provessimy regiived (o correel the nonsaved shaje
parameter vilues, Flie prosentation of these extrueted parmueiors {or all the
tests e preseuted e stthsegrent sections of this chapter.
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8.4,3 Power spectral density

The BMS disturbance level ealenlaled abmve teprosented i gross integral esti-
mation of the disturbanee magnitude, OF integest too was the frequencey <istri-
bation of these disturbanees, Obtaduing a frequeney speeton from LDV data
i problematics beeanse of the rawdom time base of this data, a diveet Fouviey
trapsforin method can not he applied,

Many approsches Lave breen dovised 1o overcome this difficulty of 1he LDV
dati, The early correlation-hased slutiing techulque of Gaster & Roborts (1075)
violded a nop-alinsed, exart rexult for the spectruw of feregnlarly spaced data,
This technique required g very Lge population of data W obtain accwrate re-
stilis, and involved tengthy computational tiues, An improveigent by Gaster &
Raborts (1977} redured the computational time by use of a direct transform, bt
thix method yeguived an even longer record length, Iimprovenients on this tech-
nique by Roberts & Gaster (19580) aad by Afini & Roborts (1980) invelved
dipital Qltering (band-pass aud band-stop Gleering),  Those methods reduewd
substuntinlly the high vaviability assoeluted with the nse of short rovom] tengd b
af the former techuigques. Buchave of o (1000) contains o Driof sievey of these
and other techuiques, MeDonne] & Fitzpatrick (E992) proseided o stady {uy
which the above, exaet, techmiques were compared to an approximate one using
dats ressampling and a FET methad, These nuthors coucluded that, for high
data rates the speetrn dedueed by both techuiques were comparable. Biasing
errors fn the FIT data were predietable and depowded on the data rate. Fur.
thernore, the FFT speettma showed loss vaviability than the antoeenrrolation
tocladgues Tor siimilay record lonpgths,

The high data rate sl shoet record length of the present data, voupled with
the noed to extract ouly an approximate spoetrnn, indicated the wse of the
FFT technique, The feregular thue base of the LIV data was mnde ropulur by
employing u shaple sunple-and-hold procedure. ere the last valne of veloeily
proveding the chosen sanypling point was taken as the valae of velaeily at that
point, The data, nftially at an average sampling rate of botween 200 and 360
Hz, wan sulesonpled to s regulare Ume fulervad at 100 [1z, The power spectenl
density of the datn was obtained by wultiplicatfon of the Fanrier trunsform
oltaiited from this re-sunpled data Iy s complox conjugate. The spoetynn
wist obtained for the entie record length for each fest, Spectra from the viarhons
toests weve very simdlay in strnetnire, and a typieal power spectrun - that for test
PXPA - i piven below fu fipare 5,13,

This spoectyma shews some large low-freguency wives - helow 3 Hz The position
of the fndividund penkis was ot repealable Detweon toxts, althouph strawy Jow
frequioney weves were proseut jn all tests, Anather region of promineut speetval
activity was thoe range 5 -2 f < 20 [Tz the data in all the tests showed o slight
fuerense i snplitacke bere ovey the higher egiosey componeuts - those above
20 = 30 114 "The high Togueney range showed o simall and uniforn mapuitude,
Consldoving the diseussiots in seetion 3.3 above, U magnitnde of (he distar-
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Figire 8.12: The variation in disturbanee intensity with rate of exponential
aeceleration, for the low at contreline near the plpe inlet,

tost FXDPA, Considering the remadning data, rectilication of the photadtector
probien resubted in a signal with very low instramert indueed noise As aresalt
the value of the wean RMS component for the reduing tests was taken ax an
aceneate budieator of the actual perturhations present, The resulthyg variad o,
of the RMS value with neceleration given by figure 811 shows a rlear inerease
in the magnitide of the moean RAS valne with inevensing values of exponontial
aeceleration, from a value just above 1% at the lowest weeelerntion best, wp to o
waxinany vakue of 1Y% for the largest aceelocation.

Except for the two poinix in the mil-range of the ligure, 1he dala correlates
approximately to a straight line, This trond oceurs despite factors sueh as the
frrepular control and siwhweguent large senle waviness of (he tost IXPA {(the
left-momt point on the fgaee), The ohserved trond ndicates that the lovel of
backgrowd disturbanee at tie indot is naaflocted by valvo-jndnen] oseitlations
in the flow, and = merely dependent on the rate of exponentiol weeleration.
The three dphi-moxt pointg in figare 8,13 reprosent the data for EXIC, FXDPC
ind GXDPAL Desplte the difforenes i the inftinl impulsive stact-up, these three
dutn show an extrewely «love corvelation,  The basic level of disturbance in
the tests was below L7, and tlhns within the vegion of secondary instability
[Herhert {1088)]. Thix ropiow is characterised by the nou-tinear interaction of the
Hnear disturhanes mades, erhort puoned the rauge of disturbanee maplitades
A% G A w2 the vange of medie awplitade, For this range, distarhanees
are threestdimensional, e have a wavelongth assoeiated] with the lnear made,
The range of wwplitudes, swdthouph high, i low enough wost to be assoeinted witly
Ly« transition. As s resull, obe would expeet the instability weelinuista to
L ton=linenr el {ls sulk-eritival. A dotadbed disenssion of (e How breakdown,
with spocilie refevence to the levol of backgronud disturhinuees, is deferped until
pard IV, ot which pojnt pumeriend staliliey results ave avadlable,
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Figure 811 The viiation in distarhance intowsity with (e at contreline wear
the pipe inlet, for the test FXPD),

The data shown in this Beare is similae to e vaciation ju tiwe of the RAMS valus
for all the tests. The data in figure 811 shows no Jstined trond with e, but
rather maintains ag approximately constant value, v this ease about .012,
A seattor of abont 0,002 s apparent - approximately 12% of the range, The
Revuolds muuber in thix test win ol cotrse inereasing exponentiably: thus the
voustant value of the noraalised RMS torm meant that the absolute magnitude
of tho disturbanee wax increasing in direet proportion to the Reynolds mamber,
From the point of view of (he sormatised (uean How ogual to unity} velocity
profiles, the distnrbanee envivonment was of course constant, ‘Fhe lack of any
sipnifieant trewd with time was seens i all the data, bt eacd data showel an
average value of the BMS velocity which depended on the mte of exponential
areeleration for that particalar test, For this somson §t wis decided to compare
{he variation of the meau RAS velocity with bicrousing exponentind aceclernt ion
for all the tests, This variation 4 piven in liguve 8,12 below,

The value taken for the rate of exponeotial aceeleration was the coustant &
sed i the experiwental runsile, While 1he actual rute ol aceclerntion dillered
nlightly froms this Betor, this variation was small®, The first two experitnents of
the *IE* series of tests S aned FETE) utilised an inforior optieal set-up,
partienlay 1o was 0 with (B photodetecior, As wresalt, broadeabugs
elite Lo Uhis inadequaey v o0 e abiigh apparvent magnitude of the dnetuating
component fu these tests celative to the others, e to fhe Ged thnt this sipual
Inoadening was spirlons, e veselts for the mean RMS componeut for these
tewtn win diseomarded®,  These was alse ne suitable contreline inlel daka for

* A wore accurte vsthnation of the rate of sceclerdion is vsed s this epard later i paet 7V

Flespdt of this, these varly data vielded satisfictars sosaits Bie e othor aspeets of Uhe osts
(lamdnar development and flow breakdownd, that is, their nean and lowefovponey variation
wan nualfortinl by the brosdeng,
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8.4.1 Normalisation of the traces

Due 1o the highly exponential nature of the flows, the contreline varviation of
velorvily with thne showed a siroug inerease, OF primaty interest was the leve] of
hackgrovnd disturbanees refetioe to e mean eefocity, Inoorder to eliminate the
strong sealing effeci, the trace data wax divided (livongh by the weat Bowrate
variation. In order 1o finther obtam onfy the duetuating component of 1he
velovity, n polynomial funetion was litted to (e resultant dats nad e mean
vatue of this polyunomial was then subtracted from the data. all of this
process wig o chistribntion of data points about & wmean of 2+ "1 wrocessed
daln was simply the normalised fuetuating component of the © -2+, denoted
as i, The processing ontlined above singply reduieed a nen-stationary ramdon
process to a stationary randoin one,

8.4.2 Disturbance intensity

The disturbance iutensity is defined {Sehlichting (1979} as the ratio of the BMS
fluetuating compouent to the moeas How eate; or

My = o (8.2)

Hero of is the Ouetuatlyg component of veloelty, and Uy s the menn cross-
sectlonad veloeity Iy the pipe, In the present case the dula was alieady nor-
sunlized with respoet to the wewn erass-seetionn] veloelly, nind division by 04,
wits thus nonecessars, For the disepote LDV data (8, 0), 7§ ¢ 0,8 = 1], equation
(8.2) rodueed to o swmuation forw, given by

N2
Wi = \J > t [(n:j2 + (u{”}‘é] (hyt ~ 1) (r3)
@~

The sunnnatfon term iy equation (8.3} & shoply the trapezoidal rulv fntegreat fon
of the stpuere of the LIV data points. The use of the more general form of this
Intomeation . “weorporating the time ineremont () ; —4) - wax necessary hoeawse
of the rawdow nature of the dme base in LDV data. The RMS component of
the vrloeity was ealenleted for the normabised date for all the tenees, This was
done for o 6 serond window, whielt wax moved through (the daty in nerenents of
25 seconds, The result of (his process wits it series of BMS values nd ineromots
of 4.5 seeonds, With an average sumipling rate of between 200 and 300 1z, each
window coutained approxiumtely 100 to 150 datn points, These data T ihe
tost FXDPD? ix shown i gure 811 lelow,

o Tm T e e WL ATt Sz T R e a1

"Phe naniny cotvention for the vazious tests is given in table 7.1,
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Fipnre 8,30: The approximate viwdation of the finad pinadlel How shiape parameder
with aceoberation hetor b 19 series of tesesy (1 1 series of testag -, G0
sevies of testst, Husar vopresson Buer <haded eopion, vopion of mneertaingy.,

witx sotnewhat arbitraey, wud some pesidts were bownd ta he inaeearate, "This,
combined willy Hie epwle estimation of the Twiting valne S, possibly aecemntod
for the sprowd of duta,

8,8 Swmmary

T this eliapter, the el data pertahning to the vardetion of the voloeit: field
in te for all twelve tests wore presented. Veloelly proliles wore given, show-
tug o qualitative view of the entire velocity lield developiment within the pipe
inlet= the bnpudsive start, the sudsoynent pavallel develnping Tow, showling the
thlmning behaviour, amd fmadly e tmasition te tardadenee G some cises, A
sieeessiid quanteation of the level of backpronasd distuehaasees wis adso ol
ont, The displacement tldckuess aud <hape parsineter showosd thenselves to e
powd pavnteie veprisentidions of the velocity variution in the pipe, The ek
af cortainty in the wall position resnlted inoa barpge ecror in the <hape param-
oloy, Tlowever, s was Jipbdy sesteatie, aml dika ot oacle station conld
he forandly corrected relative to the data Gromn otlier mewsing stations fom
the sume fest, However, o larpe nueertainty renained o the alsolate vadne of
8. The displaveisent thickness was wot salsjeet (o the saoe ereors, awd Lhe vals
e of 3% wore thus aeerate vellectious of the trae vardation of © W pasneter,
The seetion was wot cobeerned witl the timing aud deseription of the reasi=
tiow ifselld vither the variation of the atdistnehed baseslow priog te grosth of
poertaplntions. Dotailed deseription of this base-thow spvironnds sets the seeue
for the following, chapter, in which the srowth of distyrbabees wihin  be pipe
entranee is consildered,
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Table 85 The axial stations, apptmim.m‘ acerleration coustawts aud hupdsive
start-up Hovuoldls munher for the *G° sexies of tess,

Towt | Dimensiondess axial | Mean acevloration | Tnpibive Revnolds”

nawe | station {0/R) | vonstant L nimbior Hea
RN NTES) B N B S [T
GAA 11 lU e _ ) _
Rt T T S N R 1 D I T

Gir |

God s ] o

GUETiLeTT T fanr T 0 Tesle

OB | ML
GOG fdbas _ .
GDETTEATT 7T Lo B AT T
GG H0a

Ginadly for GXRIT it value s abogt 8 2 250 Tu the siane manoer as was Jone
varlior, the veloeity profile shape peioneter wiss corteeind for e uneeytainty
in the wull position, swd 1he adjusting, fetoes are lished in table 86 Delow,

Table %.6: The adjustments Jor the sll.um ||.u.|uu-l:-1 for {he G sevles of Tosks,
P!:l:_l_lil-]_'lll_l‘ ____!‘l_ ) lrl.!}.in :
('u“i o .:..(]u.l}-.l 5" u(.E-- g hi S ar L
Gan [ oaoss | Gor

G R e | o
Gl o fang

R Rl SRR 4 o Sk BT

oy “leration of all Huee seis ol Vesis so e fudicated that the initial Revoohls
wiuber was not a stronp pacipetor alfeeting the Guad pavalld shigae patiou-
ciot, Altlowph Bighhy approsimate, these Bund vidnes of 8 iwdicated o red
tiat seeauend 1o he dependent ou the aceoleration constant b aloue, Fiptre 8,80
presents (e approxhnate Rual valnes for all the tosts tas exigacted viaally and
Ly Tuference throughon the above seetion} pluuml i etion of the weeals
eration fictoy b The data from the B0 F* and "G sories of tests qee onet ed
seguraloly, nud a best-lY line = shown sapmdingesed,

Bt wloudd be veenlied thal e sxtraction of the fisal vabies of 8 shown on the
fipgmre was | extretnedy ertde nusoes severtldess, o el frend toward higher
final poralled shape meansders ar higher scceelerations was evident, While the
lower eoui of the praph showed faisly soad correfalon hetween Sy Jor the odif:
ferent v, (e dita from tee wasimnm aceelegidion cise showed nore scad oy,
Althongl hiv dncdicatod some depradence of e fiaad slape paraieter on the
initial Revunolds waigher, (i was mob s the pasition of the thres Lighest poitts
did not eorrelate wirh Hevuohds namler ab al] Tt seenusd 1o le sogdobbe seat
toreed, The s of thie disevepagey an e Jiigh ened wiesogite prolabby misadip e
weyt of the shape parameter dita for some of e testa the adjustipent procese
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Firure 8.28: The vatiation in experimontal shape paviameter aind displueenont
thickiess, as o hinetion of time, for the test GXPC (8 = 001, Bey - 65100 o,
GULE (/R = 1040 4, GOV (/R e 300D« (O (/R 2 L,88),
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Fignre 8205 The vindation in experhoental shape pazineter aunl displicement
thivkness, a= a uevon of the, for the st GXPD (0038, Tty - 63100 o,
GIT (of R = 47.000 =, GNG (/1 - 3001,

The G series of teats were these with the hiphest juitial apabsive Reviokds
uninher, of 8800, Bacely of these fouy tests Bl vespoectively (he same Jone vadoes of
the aceeleration factor as had the *F* tost series, The tests i otder of inereasing,
aeeeleration weres GXPLL GXDPC, GXPAL el then GXPR, The axial positions
aud varlons other parusters cotiveruing these tests are piven in table 8.4,

As hefore the mmerpet patlern is amdopons (o the previons tan sets af fests,
The inferred Bual vatue of the shape parameter lop the paridiol portion of the low
again juereases with ineregsing, aceeloration foctar, For test GXEPD the valae is
& ez 10 (the ower viduwes altep aliont £ - 13 s nee dae to tpausitiona] behoviow),
I GXDPC Bt fovonphiy S = B lor GXPA S8 was somewhere helow 1% amld
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Figure 8.26: The varintion in experhoental khape parimoter and aisplacemenst
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Fignre 837 The varlation in experitneutal shagie paratotor and displaeeisent
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eration tests roached steady state in their pavaliel developing phase B quicker
than the Jower aceoloration ones. Again the ek of sutliciently fay dowistronm
wtutions lmHed extraction of quantitative data for the developient thne of the
flow.

The fiest two tests - FXPA and FXPB - showed typieal hebavione in both
shape pariaieter awd displacement thickuess vardation ju tme, The Hual two
tosts « FXIPC and FXPD - nulortupately eache consisted of ouly two sots of
measurmments, and both were missing thelr most tpstream dital®. Bocise
af the relative axial proxiwity of the two stations to eaclh other in both cases,
diserhnination betweon the daty was poor. T tlee test EXDPC i partioabar,
the weswared shape parameter demonstented peenline hehaviour,  Whils (he
thsplacement thilekness data in lpare 821 for station FO3 departed from the
parallel developent cweve af aboirt 7.3 seeonds, the shape paruneter shiowoed
atypical behavior dn e i remained vivtually conewrrent with, but displaced
liphtly from, data from station O until alter [0 seconds,

Closer exiundnation of the veloeity profiles af station FO3 showed that veloeity
traces near the wall were stvongly allected by the infet wialility deseribed var
Tter, wiwd that the shape puestootor for the bowwlary liver thinuing veplon was
thus subjoct 1o prent ereor. For this reason the shape patnaneler pesults were
thuw eonsidered inaecurate for this station, The displacement (hickuess measnees
ments, laygely unlfocted by wall vatiability, romained an seeurade deseription
of the flow vaviatlon in all cases. Table 841 lists the corpeetion Taetors aphed
to the shape pavmaeter data, b accordanee with the procedare of soetion RA1.

Table 208 The adjustinents for the shape pagametes far the *17 serivs of tests,
Tewt unmie | &gy [ Tost e | fopy |
FAQ 0005 || 85 T
FAl noRFCTTTTTTENE
A3 ] 0005 § B 0,002 §
i o FDE XTI
FIi ] F1)3 g

8.7.8 The tests GXPA, GXPB, GXPC and GXIPD

The figures 826, K27, BIR amd %29 helow cepresout the wiviation of hutl the
teasured displin ctaent thisknes and velocity prolile shupe paraneter i tine,
for the *G" mevies of tosts,

o s At . <
“Tests wore cotidueted Tar wpedream for Both tests, bat both st of acquieed datie wore
corrupted i 1he flo storage provess, s were their ackuge,
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Fipure 8.25: The varhdion in expetiiental shape paraseter ad displuwenent
thivkuess, as u fupetion of thne, far the test FXPD ik 003, Bey o LR o,
FU2 (/R == P05, 4 FDY Gef0E o 36031,

The 'I™ sories of Festy, encompissup the tests FXDA, FXPH, FXDC aud FXPD,
concentrated more on yeadings dloser to the pipe inlet, The impdsive stovt wis

to u ltighee Beenohds manber than were 1he 537 10814 belore, Table 8.3 pives the
wlal posttion, aceeleration valne and inpulsive Reynalds mumber of these teats,

Table 833 The axie] statious, approximate acveleration comtants and hagmlsive
start-up Revualds wonber for the TP segies ol tests,
Tost 7| Diwensioaless wxia l"] “Mea ton | Dupulsive Reynolids
wune § station (rfR) 1 comstn ko  nnher fey
AN JusR TS A
FAL | 1307
JFAS avel
BRI K .
i | 4461
¥Ba_} 0.5 SR
e R e e —"
R
PP I

FD3_f a6

1

"._{ :’I:';_._."._" Ta et 4..:11—_':1_:“___ B R el

— o orameperrels e e

cEmmenm T AT ML mrmecae L v el e

The teste yanked S ordey of seveloration - lowest to highest - as FXDPD, FXPA,
PRI s el 600 WX, Dine fo 1l Bt theast most ol the soudiups wore eloso
e the piae “alet plane, lmitiug asemptotie lioluwiour for Lupe thaes of the
picadle] portiog of the tow was diffieult to inder, The limiting shapes in opder of
increraie - aeeclorathm wore qpprosinadely & o2 10 o FXDPD, 8 22 12 {or BXDPA,
&2 1 for PXPR, ad then S = 17 for FXPC, The displieowment thickness «id
not doevelop suflicient]ly in any of the osts 1o Julip Bndtng beluviony, ‘The 1rewd
i devolopuent thue wis siudlar te that seon belore, nonely the Ligher aeeol
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Fignre 8.23: The varintion in experiuental shape parsmetor and displacement
thickness, na o fonetion of thae, for the tese FXPB (8 > W08, Reg -2 011 o,
P13 (/B = 1840608 b, FIRL (/10 o= 0510 x, IS (/R i),
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Figure 8,28 The variation in experimental shape paraneter and displiserment
shickness, anon fusetion of tHine, fov the test FXPC s 007, Reg = A41483) o,

IPO% (/B o= RN - PO Qe R 2 TOLOE),
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wiaintalning approximuetely the saue mean, Boennse of this, the ebsolate aneer-
tatnty of the data wag stll the same as that for the individual measirenients,
nunely 43 & 4. Such largr aneertuinty wag unavoidablo in the ewrrent eontext,
beenuse of the exelusive wse of the LIN as a flow tweasaretment tool,

8.7.2 The tests FXPA, FXPB, FXPC and FXPD

The Aparves 823, 823, K24 awl 825 helow represent the vaviation of both the
mezanred ddaplacement. thickness and velocity prolile shape pusuneter in tine,
for the ‘I serles of fests, As before, the approximate exponeutial accelerntion
constauts & and Meg ave ndivated on encl Bpure.

o, o 0.2 .
Y t L S IS Lo | 5
! ! [ T F 1 i |
Lol i ; * L i !

Swicip o bomer i Spos Heera
A L i ]
R | 0 P
A T E AP ST Lo
LI S A 005 P
L
L R T R R S ST TR S TR T

o) £(5)

Figure 8,22 The wrintion in expevimental abape parawetor awd displresment
thilckness, as a fuaetion of e, for the test PXPA (8 < 004 Reg o0 d008): o,
FAD (/I3 =< 95.52) +. FAL (/R <= 13.07) =, FAD (/R = 67.81),
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this parmneter. However it was lHhkely that the el vilue for 8 would lawe boen
ahove 0,18, Ll o sulllciently Far downstronin messuving station existed!t,

For the tost IIXPA the developent in the displiwement Ehickness within the
thinniog region was siore disfinet thian Da the equivadent shape parameter daka,
The two moest upstreun stutions - AT aud HAK - wore elearly following sopas
vate troncs, in agroswend with data feom thie otlier tests, The data for the other
three stations were, however, superimposed toa grent degree, wont to elear tronds
wore ovident. Clearly the variability in the flow was greater than the dilferenee
hetweett the stations, thus swamping, suy vardation betwoon data, The pres-
enee of the nled *blip" wis alsa marked o the data AT a distinet doeerease in
the shape pavameter al alowt 18 seconds marked the passing of this event, In
Loty the shape pavimetor aned displacenaent tlickuess data, the thivning region
showed o commuoy {yvpe of helinvionr, The further downstrean stations showed
wstoepor rate of deerease 1 displseotent thickuess in 1inwe than did (hese near
the inlet, This tremd was . oo ovidenl iu the slape paviuneter dadi, Iad these
wore wore nclined to b d7 trhed in 1his trend by the transition phenomenoen
than way the ease with the desplacmnent thickiess,

Thoe correction of the ghape paramoter enrves

Sote of thoe shape pavaineter datn presented above aud Dielow Biad beeu coreeeted
as disenssed in detadl jn seetion 85,1 The corceetion fietors were applied to
some af the S data, in order to make (he parallel portion of the data conenrvent.
Table 8.2 Hats the correetion Twelors dopy nppiiod 1o cach dota set, neeording to
the correction oquation (8.4)

Tost unne | dope | est nune | éopr
sl - 004 BGT TTR0,603
Elg 0007 | B2 w001
|24 s ] 1t 0,002
51 po0s | HAGTTTT | 0
1R n.onl | AL !
Kl 0 1IAl ]
EF8 ] -on02 | ITAS ~0,001
BT AR | o

Due o the laek of means of hulependent meastvement of e watl shenre stiess,
sl thus ‘enlibration’ of the shape vaviation earves, tese enrves were siply
wehinetod to Lo sell consistent within a test, For stance (the four sets of dita
EEL 203 sl § bad adjustinents applied to their shape paviieter data such
that the parallel portiou of each engve beewme nmtaably conenvreont, while still

A LT T ¢ AT L T L T I ey el 4R e TR

VA, of conrse, Baed the g il coonple capieity e Tesedor Gk to mostitiv siceh @
Ourw for Jong encatgh.
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purallel Bow hos as its linal Jimit the parabolic velocity profile, This fiual be-
fiviour of the shape parnmeter doring the parallel developraent shuwed distiuet
fromds with ineveasing sxpouential aceelepation, In test BEXPE - the second low-
ost aceelorrtion case - the asymptotic value was aronnd 5= 11, for test BXDPF
somewhere helow!® § a2 20, while for the Lighiest aceeloration tost « EXPG - the
limiting value was about § & 26, For the tost JIXPA the parallel development
was et sliort « at about 1T secowls, by the srrival of the entrance Qow at sta-
thon TTACH Dt the trond in the shape parameter soemed to he towardz a valoe
Dielow 10,

The shape parameter of the Hagen-Tolsonille parabolic veloelty profile jx 8, thus
all the final Hmits seemed to be profiles with higher gradient houndary lagers
than the parabolie flow, The tate at which the particular nsymplotic value
was reachod nléo seewed to be a funetion of the acceloration pavumeter, For
BXIPE the value wis attained somewheore after 20 seconds, wherens in EXIPG
developmient Ll viviually ceased by 15 seconds,

Diaplavanient thickness

The figures khowing the displacement thickness revealed jdentieal tromds to those
shown Ly 81 alt data fell initinlly ou o single corve, whose value inereased Tvoan
avre disploeement thickness at the impulsive start towards some asymptotic
value for lapge thnes, Results v suecesstve stations lelt this common curve at
anevessive times, and reverted to a belaviour whete 8 /R reduced with time,
Toat EXTE had the lavgest range of axial stations, amd the dsplacement thick-
uess revealed 1isoll to be a far more semithve menns of dilferentiating between
axial xtations than the shape parametor, For instanee, where the dillersweea bes
twoen 16183 and EIE5 in tho & vorsus ¢ Tramowork were slight, the equivaloat 6% /1
figure shiowed large diverimination between these data. Fuetherore, wheveas
tho & v, £ enpve for 186 liad appeared to have lovelled olf to a Bxed value, the
displacoment Chickness equivalont showed that this statlon bad sot yet aehloved
eouilibrinm,

The data revealed the same froods coneerning axvaiptatie boandaey Juyver shinpe
wistl eate of developh ont us did the shape paraneter, Ty e 8.4 - the high-
oxl seeolovtion test « tle ddsplueoent thickuess war virtually asytpiotice to
8* /R & 0.1 Ly Bhwe 20 seeonds, whereas in EXTE the pacallel displaceneut
thickness purve was still incropsing ol the 30 sevonds (the tiee when ontranee
efloets were nunidest af the most dovnstrean station) to a wabue well above
/R = 018 For BEPA the displacement thivluess was developiug steeply
with & value of ahont 585 whew the mgtranee Bow reversed the dovelopnmeut
troml. Due to this prejunture curtadlinent ol the pavatlel developiment in this
pirtieular case, it was impossible to fer oven su approsinate Hunl value for

e mtadion BES was not sndlivient]y far downstromm to eyl praper pseatotie bebivionr,
Bt the downwarsd trened in 8 seemed o be fevelling off at slomt & s 18 before the seeival of
the entramee low disrupied the develyauent.
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Table 8.1: The axial stations, approximate acceletation coustants aned impulsive
start-up Reynolds munbor for the 'I° seriex of tosts, Inchudoed i the data TTXPA,

Tost § Dinmensionless agial | Mean acceloration | hopalstve Revtobdy

| namne slation {r/R) vousting & mmheyr Reg
EEf1 123 0.03 JULR

EE2 { 20,95
EES | gd.52
B | 320,50
[EFL |67 J 0,03 F0I8
EF2 40.04
EF3 | 13.49
EG0 | 13.09 0.07 AR
EGL | 6152
BG2 {10464
EG3 | 8181
HAG 1 113.57 0.2 BT
TIAIL | 81.62
AT | 54.56
HAT § 32,90
IAK | 1141

Shapo paramotoer

Fiest consddering the vartution of the shape parmueter with time, the fivst (heee
tosts showed typieal behaviour, The stalion Metheriost apatronm giickly dee
parted feom the pavallel flow treud of decerensing S with thme, revorting o n
stody inerease in value, At progressively further downstream stagions, tids de-
parture aeewrerod at o later thne, and thng the sgagpe preameter depieted [om
the pavaile]l cueve at 2 lower value faether dowasteean., At the lurthermost
clownstronn mtatfou (I35 and BG2 in particular » the KL station was not that
far downstveam) the shape paraneter seeimsd fo be asymptotice to a fixed wlne
s time progrossed, hefore it (oo inereased due to the arival of the julet,

The tead with the lowest aeeelerution » IIXPA - wis subject 1o large jojo of
fvets for the predominatiee of the ontranee flow. The parallel dovelopient of
the shape parameter in fighre 821 procesded as with the others, data from suee
eoxsively downstream stalions ‘peeling, off* from 1his parallel evrve. Tlowover
the subseguont data was subjeet to leepge vavichility, with the shape purame-
otey amd displueement thickaess mves crossdng, one juother repeatedly, The
& eneves expeeinlly showed to s pattern, althongl on aeerage aneves from
further upstreans maint ained highoer values of & thias those Frow downstrean,
Tlis variability as meutioned was innnte to the [ow system amd was bot due
{0 wis=measurement ol the siape pavameter, The bodaviour of the ost down-
stream enrves in eacl tost seemed 1o naicate that the paeatlel Bow develapnent
wid roveeding towards a finad, asymiptiie, velueins shape, nneh ke steady
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Figure 8.20: The variation in experimental shape parameler and displacement
thickness, as o funetion of e, Tor the tet EXPG (0 = 007, Reg == 3018) o,
EG0 (o1t = 13.19); 4, EGL (/R = 64.52); x, BG2 (/R = 105.006); », EG3
(r/ R == BIR1)
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Figure 8.21: Tl vindation I experimental shape parameter and displacement
thickuess, as o huection of thue, for the test IIXPA (£ <2 0.02, Hep = 2068)% o,
ITAG {r/h‘ s LTRAT) 4, TTAIL (/R = 8LG2): x, TIAL (/1 = SL3GH », TIAJT
(/R z= 32,000 - HAK (/R = 110D,

The four tests all possessed similar stavtenp Revnolds aunber, and the vilue of
the exponentinl aceeleration constaut inerensed with suceessive (osts ia tie order
IXPA, EXDPE EXPF and EXTGL The axial positlous, approximate aceeloration
faetors and impulsive start-up Revuokds nupbers ol (he varipus stations are
shown in table 8.1, Tleve & and Rep ave the constants deliving the acesleration,
ar given in eqnalion 7.1,



Part III

ANALYSIS

IN|



CHAPTER & EXPERIMENTAL RESULTS - INCEPTION 1x4

the lower fest TIXPA, all data wore above this eritival value, Beautse of the
Tack of theoretical nouderstanding of the aceelerating flow stability behaviour,
detidld disewsion of this asportant and interesting topie mnst be deforred
until the Syuthesis, at which point theoretical results will he avadlable,

9.5 Summary

T experimental ineoption dita was presented in this chapter, The bwk of «
stitalde framework for congparisons hetween jseeption data frow ditferent tests,
cotubined with the bk of theoyotieal stability dati lor the exponemtislly acvel-
oxating Hows, did not allow any profomud enwpaurisons to lie nuule or conelusions
19 e drawn,

The minimura eritical Bevaolds nuudder was the only wuivesal means of come
pustbion hetween the pesnlts, and its varintion with inereasing aceeleration factor
showed ddearty that e ldplier aeceleration tests possessed a0 erer winhum
eritical Revnolds mmbet, The dowistrean portion of the eeption eurves
were ferred to be predomiantly vattsed by swasde-down effoets; byspass tepe
jusdabilitios developing Tewve due (o the conveetior nto this repiou of lupe distar-
batiees developing, frther upstionn, The tiining resalts ol seetion 9.3 snpposticd
this vonclusion. Some evidewes wivs soet of the leeward side of o stability carve,
Imt the residts were fon fow to deaw firg conelustows,. Dae to ol this, the
definition of the curve of wmeeption wis used as the ouly relinble eriterion for
gpiantitiing the flow breakedowus it was pgiven by the loens of points witlin the
outranee vopion ab which the fivst ocearrenee of flow 1 sakdown (of whatover
nture) waw ohsneved,

Duserlption of the acesterating fows studied heee can procesd no fetlier withomt
i roniied thooretieal base fow which to copire (heny ne relovant study oxisis
it the literntaee coneerning, expouential fows. The following, part of this work
= pawt TI « b denlicated to e theoretieal aud smerieal anadysis of these flows,
in ovder to provide w propey growding for cotparing aud verifeing the data,
This task ol further anadvsis and votparison is this deferrod 1wl the synthesi
of st 1V,
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i the Be - o plane, Its vadue i the data piven provionsly showed an inereasiug
tremd with ineroasing rates of exponential aceoloration, Fipure (15 boelow shows
the variation of this parwmeter with aceeleration fetor £,
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Fisgnre 9,15 The vaviation of the exporientully meastured winin eritieal
Roynolds mmmber with acecleration Tuvtor & s, meenged it ropress
sioft curves o, carreeted valwe fur KX 0, theoretieal Hinear mininum eritleal
Revnolds nnnber for steady pipe entranee {low [Abbot & Mosa (90,

The values for the mininnon eritieal Bevnokls uamber were oxtractsd siinply by
taking the lowest data polut frew the fipaees 51 to 9,12 above, The value of
b e was the proserilod eahue, which wis not guite the aetnal value eoadisel
i the flow?. A stroug correlaiion B evident between the aceelevation factor
atd ninimum eritieal Roynohds imunber, Al doti were virtually collinear, with
0 low uneertndnly, ax shown by the shaded pepion in figuee 9,150 The dear
reletionship hetween aceeloraiion and eritical Tevnohls aunler were evidend
Leves ipher seceleritions remtted fu inereased valtos of the crltieal prrameter,
Thus the data juatilfied the commonly held boliel e Shen (1961), Drazin &
Reiel (1N1)] that avreleradion stelilisos & How,

The euly povr correlation o the tremd was shown by the point fur the test
EXPG « oue of the hiphest aceeloration tests, with &+ 007 The most likely
reason for this datan belng ont sas that the Jowest data point in Rovhokds
mntisher wis sparious, Observation of Gpnee 938 shovwesd that the thind stadion
fronu the entratr Jind s waesually low evitical Resuolds wndsor, Reasova) of
thix point wndde the dista fn that fipoee o wore peglar, Incorporation of (he
next fowest poiut Hee o 13680 Do fipuee @058 vedaesd te viodabillty at this etud
stilstuad fably, “The correeded datinm B shown as ot open visele o fu this figuee.
An fntorestivg, obsevvation v the close alipnimeit betwe o the repression data
extyapobited to zevs aveeloritiog, aned the Geovetical mimmom evitical Reviedds
winher fr ero acceleration How ol 11 68657 [Abbot & Moss (1990). Excepting

' ""iﬁ'lhl_tﬁ'n‘iii:Ii:!rllhul'”I‘I-i_l'f'll"u'tk-mu-J\\".:;s- net cquite tapeapential, becipe of peentionitios in e
valve, vontrel mhrithm amd Sowitetor. oo later patt o the weel « the oo dbenis o a moge
exued rstiateter will et
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Fipuee 115 The inferred shape of the stibility eorve and wash-down region in
the pipe entrwies: (i), tepion of finesr or stall ampditode instability; - v cone
vertion and prowth of distarbancees; (5, Tront® af which tuthmlenee acettrs; (e},
ropdon destabillse] by larpe disturbauees rom the iulet: (), welatively nudise
tuphod region of limy seen sxperinentaliy,

1.3,2 Stability versus inception

The ahove interpretation of the dada, Dy its siplieity, ignores some eonfonned.
g Gretors, wimely that the dowistreatn side of the hypothetieal stibiity curve
exists within o region snbjeetrl to vinialle levels of Huitesauplitde distne-
banee, Thas ia teality the hope ol identifving the lvewagd portion of a vueve
corveaponeling to the stalilliy adt for a fieed fovel of distwrbanes i romote,
In contrust, the upstremn portion of the stabliity cueve iy gquite prolahly the
stability Thnit of a fised Hokeamplitade lovol of disturbanes < the kvel of the
{rerssireun cuvirotnent as determlned o section 8.1,

Resulting Irom thix, o pragasatie solntion i (o ddmply desote the ficst ocenrs
rence ol ey phenoteuon at s paetiendar station e point of neeption. This
avoits 1t dilliewltios of jdentifehng stability eaeves within o vadable sovicon.
et atd leuds fo an suambipnous delinition of the ropion of How breakdoewtt.
It s not that the Dudividup] sspects of transition are nabpottant, rathey tlit
thedr Wdentifieation ko difienld in e ewrvont contest,

9.4 The minimum critical Roynolds nunboer

While the shape sl position of the stability curves do got allow for neinal
eomparisons®, e vaviation of their minimun eritival Revuohls nmnber with
aceeleration was divecty campamdde. The tmindiwm evitival Boviolds munher
in cbedinedd s the Revaokds nnmbor of the printutm point of the jpeoption enpve

"I'n_[m-rt T of 1he .l-l_ll;l-‘.\-' that foluwon - The weabvsia +  table amewod will be intrdneed
i whiele all these dita cam e congazed.
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tHiat this Bow breakdows was primarily due to conveetion downstream at the
menpn veloeity, of larpe distushasees oviginating frther apstream, awd their
stthsogaent destaldlising of Hwe flow. This conelusion was corvnborated by the
nwture of the flow breakdown Mether dewnstronm whicl showed ehat progrossig
dewnstremn, the breakdown phenomenon beeaie more like o hard (cotiveeted)
turbuleut {runt,

0.3.1 The leeward side of the stability curve

Unfortunately, the prosenee of the hege conveeted distuwebanees frotn the up-
streamn instahidity redueed any possibility of olserehig the true shape of the sta-
Bility eurve nn the leeward or diswnstreai side of tie winiseon ovitieal polut.
Any distwrbanees ovipinating ot (his intuwin poinl were ey to couveet wd
prow downstream, tripgering rapicd Dapiss tepe tragsition, and s suotluring
any fueipiont prowth of stadl disturbinees ocemriug there®, TE was nob possilie
tu todl whether (e downstroam disability wis due 1o Joeal hreaddown or cased
by elestabilisation due to eonvection of large pertiebatios from wpstream, Quite
possibly it was o combimadlon of both,

There was o hint of the prosence of o steep loeward side of the engve [ soun
tests, This wis espocially so o figuees 9.5 and 9.6, Here shortly after the mini-
v eritieal poind the data inerensod in Reynokds unmboe rapidly, while farther
dowistrenn the valuex of Be deereased amuin (o come to rest approxiog ' oly on
the convection line, D teets of (e single sandard deviation ereor bins shown
in these datn, theve tremds wore sipifteant. The supposed observation of the
leewartd part of the stability eurve was dne possibly to hoth the nunte varl-
ahility of the [ow breakdown wiwd the nature of the couvection process. Fiestly,
coneerning e vavinbility, Qe data wies eserelied] from mnny distinet yaas, 1F
ameastrement downsteeam of the miuium erities] point was muede when low
livoakedwn at the eeitical point was lale’, thon loeal transition would he seen
at that pobit, Secomdly, god possibly wore bnportantly, slow prowth of the ink
Hally small disturlanees would lwve loft o Ikl of relatively nnpertiebed How
it short distosiee downsdrenn before prowing lavge cuough to trgper the hyepisd
mechanisig, This kyporliesis i eddieated in gure 9,11 helow,

Hove, disturbatuees that conveel dowisteeam Fow vepdon () might be sigall
vneatph and prow relatively slowly {or e stabided withiu repion (1), thas
allowhiy, the appearimes of & simabl povtion of the leward stabiline emeve, 13y
e tine these distuebanees each Hue (D) they e fiepe ovouph to mderpo
vapid fransition 1o tnchilence,

“To # soqse both foend” and washadown® tausition are mable loeal wowdure Btk are
indtdantend By the presenee of @ disiurhed ewvieent: in the vase of (e traditional” instabilite,
tlue distnrlanees are saeall whiekvas (e e bvapies traasition duwnstreint, (hew destabidliving,
Infuences are of o lagpe weaie, “Uhe growth by adestaldisestioss ol tucbalest siapga was diseand
by ola Silva (1004,
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Figure 0,18 The variation of experimental eritierl Reyiokds satber with axial
position  for the test GRI'AL Lives of mean Qow ‘convection® sre also shown: (o)
pitedlel developent repion: (h), entranee regioss (¢), iininman evitival point,

where oy {9 the axial position at which the fuid originated ot titne ¢ o2 0,
ountion (1) thux estublishes the displacement varintion of a particle of lnid
travelling at the mean velocity with thue,  Ax the Revoolds nunhber was o
funetion of thne, the variation of the displacement with Reynolds munber eoubd
the be divertly aseertained, The thivker dine o the figure vepresents fald
that wax at the plpe daled ab fow start-up, The region above tlds, detoted {ad,
coud ains [uded that, i teevelling at the mean velociiy, enterod the pipe subseguont
to start=up: that fv Budd comprising the entvanee flow, The regiog (B} Dedow
this line contalus Qow that orfginated within the pipe at the stiet of the test;
Liv powsessing vadues of py feom equation (9.1} greater than zovo, Fludd in this
Littor vogion comprises Dow from the parallel developaent paet of the Bow,

CToaely the poiut of How breakdown is woll within (e oatranee vegion of the flow,
The inception poitda to the Jeft of the leare, on the upstroan shile of the eneve,
are elenrdy ropresoutative of foeal Bew Dreakedown, Flow arviving at these points
Tuss *travelled* appragimately slong (e cneves shown i the Geneed, s it lus
cowme [ unetisturbed vopgions fethor npstreans, Tle wmbuum exitical point
(¢ of (he oxperimental data represents Uie fiest e within the eutive plpe ot
which lustability veeuss {thae bedyg propostionsl toe Ressolds wunber], thus its
aeenrrenee conld not be jufluenced by disturbnnees from auy other region of the
How, "The leding edpe of the incopion entve deseriboed above conld roneeivibly
hiawve been destabilised By the inllueuce of the wmivimmm erftieal poiat, but ks
wonld e required dilfssion of the distarbanes fidluenee upstreatn within the
Lemedary laver. In conttast, the dowustrenm puet of the lnception enve wis
virtnadly colncldout with s enrve of mean veloeny vanveetion, This Dckicatsd

xaweantivam manvoetion at o greater veloeity Dan (e s erosseseetional vale will s
pepenended Dy shadlower line sluw the piven eurees, o slower conveetiun by a steeper line,
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9.2 General

The sxpounentinl variation of the dew with time mide the two forms of data
represeintion = o w1 amd e vse Re o almost equivalent, This was beeanse the
Revuolds munber fyereased monotonically with 1ime, Starting at thie pipe inlet
s moving downstream, sl data showed o deceease ju e teansition Revnolds
nupber with asial position. A mininaum vabhie of Reviohds ntinber wies reachod;
thevendter the He fnereased withe the axial position, The axial extent of thix
carintion and the position of the minfog peint varjed considershly between
{ests wuel no elear pattern wis shown, The points on the graph are speovinted
witl the idew ifieation of the fiest tme within the flow that a distinet deviation
from the lendnay state of developiaent oeenyred, "The process of identilication
wis doseyihed 0 detadl in section 7ol The epror havs are shown ot the » - ¢
plot. They indicat o one standard devintion ju the variation of the twelve readings
taken at each wesanring stadlon. In eost tests vavdability of all stations was
sisilary lowevor in a fow cases the varfability at particnlar poiuts was umech
ligher 1lam for others, "This wax thonglit 1o be due (o pooy positioning of 1he
LIV at these stations. In general those poiuts show o lder mean (e Con
value tha the snerowssdivg data, whiels @ bulieative ol improper aligianoet of
the ensuring volmue with {he point of naxinn sousitivity 1o instubilits?, In
et cuses an indorpolated earve wonld Bt stootdy throwglt all the data within
those bavs, for tstanee fn Bguve .95 hoswever Ina few tests, the data seemed to
bo defuing two curvess oue showing a vapid inevease fn e with e oaway o the
winimnm point, while the other, lower euyve, possessod oomore geadund slape,
wned exdenlod farther downstroun, Figaee 0.5 Is o pood example of suels i (ost,
"T'hix Psne ix acldyessod Delow,

9,3 Local and convacted influences

The peneral naturee of the transition within the pipe vutranee B best 3Hustiatod
by consiedesivg o spoeeific fost with o well disiribatid set of points,. A pood
exgangple 15 the test GXPA ont the Be < @ ddada ol figere 0.9 §s shiown spain
Below,

Superimposed it Chis Henee §s . Eal Bues, represeuting teajeetarios of partielos
moving at the mesn crosseertional velocity. Pls cgquation for tiese Hues wis
stply derlveel: the vaslutdon of weau velocity fu tme foe the Dow was kieown
experimentally [see soetion .51 thas by intograting this guantity with vespect
to time, the displivenwnt of fnid ar the mean velovity could be calindaded ns

t
q{ty - f Odl by, 1,
S

“i_l'inn'liﬁ_nxl.u'lﬁ"\.1-;1;1}--[' reantt i T Gl aote eiraticl un eateent of the plenomena,
bevinpa sotue rowil wonkl bave 1o oveer Twlore Qe pertarbatione could bevome visgble
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Fignee 9,00: The variation of inceptiog titne sl Revaolds munber with axial
position for the test GXPB (&« 007, Kep 2 G300,
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Figure 9,11 "Fhe varintion of ineepthn time and Revnobds nauber with sxial
position for the test GXIX (k= 0,04, Rey 2 G503,
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Figare £.12: Tae variation of ineeption time atd Resaolds ssoalay with ixial
pusition Jov the test GXPD (F . 0,08, g - GR10),
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Figure 9.7 The variation of incoption time and Revaokds wuphor with axial
position for the test FXIPPC (B = 007, Reg o2 J10).
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Fignre 9.8 The varviation of ineeption tiwe awd Reviolds nnber witls axial
position for the test FXPD (k == 008, Rry == 4143).
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Figure 8,1; The varintion of inception time and Revaokls smunber with axial
position for the test X1 (b =2 0.08, Heyp =2 30IR).

50
45
40
s’
a0
1(8) 25

¥
-

15
19 :
5 b
e

0 2 4
x{m}

15

2

Re 1.5

-+
xHY i

0.5

0

ot e i e, ML e o ao v

o

x{m}

Figare 9,20 The vaviation of inception thue and Reynokls manber with aoind
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Chapter 9

Experimental results -
inception

Tt seetion 7.4 it way deseribed how ineeplion data were gathered feon more or
lesis ovonly spaeed measuring statious throughoat the pipe endrabee region, (3
average aboul ten different axial stations woere investigated per test, aml twelve
itlentiend vuns were condneted Do within the bamdary laver for onch of these
stations, The rudin] position of the polnt of weasoenent for the twelve traces
was nt oaeh station the point that showed the preatest amplitwde of distnrbanee,
This ehinpter presedls the extracted tiuwes of deviation for all the experimiental
fests, The detailed nature of the Bow hreakdown amd its eateporisation were
disermedd in detail i seetion 7.4 aiud will not be claborated spon further, The
ctatn here prosented are stply the At pobits of deviation® from (e faninar
flow ot eaell weasnring station,

9.1 Inception tiines and Reynolds numbers

The inception data are preseuted hove soparatoly for cnel tost, The following
fipures show the vatlation of the rew thaing data and the eritieal Reynolds
wnhier with axial position. The data from vach test are presentod separatoly
beeause e dimensionality of the seales wmade superispositfon neantogless®,
Tiowever comparison s macde lnter between the approximate wisimun evitieal
Royaolds munhers (1he ndnismun peint of the datiin the o« Ite plane) to good
elfeet, "The dinta are piven in seguentisl order below o fipnres 0.1 ta BB The
approsimate aceeloration coustants by Hreq for cach test age indicated on the
lignres, aud the evvor-Dars dosieote one standard deviatjon,
) El‘ﬁejwtnl;iiﬁﬁ?:‘:: :lf_;l:n::;:al\\ia },i\':'n i oweetiert Yol D0 owas delined s (e Gime of fes
depirtuee of the o oo the stwphe Taninre state, repaedios of the nantee of the departage
Sl curvew intersoet ity w pancam fashion fia the s = He plane when sogerimposcd, ndicit g
that ¢lds Dranework in iappropetivte Tor thetr inatnd compurison,

173
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wixy

Figare 10.3: "The vaviation of i penersl fanetion e, ) in the sane e o[04,
¥ C Il

Thnx, regardloss of the vardation® of w in g . the nubomded helaviony s extively
contained in the terin g, Figore 10,0 sliows elearly He honnded belwvione of
the renornaliasd nedion ke

Care neads (o Do daken i3 e B aeted o by sone function: for instinee i e is
different fnted with respeet to e, then Bs espansion ju terms of e amd ey veeds
to he dealt with using the product Taw of dilfventiation. As long as such eate
is takon, no seanerality will be Jost in the veporutdised representation, I w s
differentited with vespeet to g thew the parmneley ey is siuply @ constant,
with respeet to this variable, md van be breated in e wsaal way.

The apalogons situation exists in peterdly aceelovating, pipe flows: Lere the
Neswarad ey, el thns Whe voloetty, vivies iuwee aaboded wanner, I the 1erm
U7 - 0 fa tadion to e the fnstantaneoss mei cross-seedfonal velovity, then e
dispensioral cocllicioits my, g and pg fn (HR20) are ot constant with rewpee
1o ¢, Ushug the prineiples outlined alove, the veloeity o, prossaee poand axial
co-or aate 0 oean he ronormalisod. sueh that, vepavdless of the virlation in
muppitnde of &, the dimenstmdes sekables vl powill renidn of order qujty,
Tie tevtinx oy el g stve not differentiated with respeet to £, this they helave
as costants, The statotsont lor (e venovimalisation of a ks

T SR A PR TR O (inae)

“Nale that w0 be ol wiitton as e wete cotion prodinet - XL () in which case
prnerality o lust.
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A streaipht forward sabstitution by inspection e the dimensional cootlicietts
Teads 1o the lollowing T fop these fophs:

e

du s

L | I i

- 1: {n.20)
g -~ I

'i Fa ."'-

fl i h) b

o pl,

For an imgulsively stayted pipe Sow, substitution of (10.149), (10.20) inte the
goveuing eguicHons will recover da Silva's { 1980) relatiaus, Dl i (hely primitive
savialde for. Howoever, for the move peweral case of aceclerading low, Dether
consideration maals to be given to 1he vse of {iese gronps.

10.2.4 Strongly varying lows

In the dimemdonless sabstitutions (10,30), the tacil wesmmption s that e di-
mensionn] tovius [T, By 1 and p are eonstand, The dimensions] variables are then
simply sealed by these faeturs to remlor them of nuity wapudtnde, Tewever o
careful look at the tertus (10,19 veveals that there is no ol kematieal weason
why the ‘constaut® torms (o, 1y, fue Hine 2o, o) uved be constant at ally s long
ad thedr subsequent sthsritation ix treated correctly,

To ifusteate that this fs so, conshler some genoval funetion wle, g of twa vard-
ables o ane g in the ange @ © [0 ¢ € [0, Assuane that the funetion
varles fn o in sueh ooway that some integral quantity of the vadable [for in-
stinen ful el g )dy] varles withont hound. Figiee 103 gives au example of sueh
a feuetion, The dievet rousideration of i s not helplal, b that (e sheer ciage
in maguitude of th sead quuustity swangs any other varlation that wight
e fntoresting, Noo wasing the hnetion with sespeel fo soune coustanst {suy 1 he
intopeal gqnantity at some fixed ooy ) will simply seade the entire Tnetion by
i constant, yiokding uo hnprovewend v the depietion of an O wore inderest
would e to seale 0 at each point oo by e intepgead quastity of thal point,
This renorvmnlisation of o will result jn some vigiable o which is of order nnity
everywhere i the range o G [0,5) regardless of the vasiation of the original
[uselbon o, The variable e can Do weitton in renerid as et gd o waladaele, 1),
where g o _fl,‘ i, )y b the jutegral quastity, Importaut to note i that
re(aey ¥ s st o pgeneral funetion o o wnd g, It dis g dopeadence is bouneoed,
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evorywhere, These initial speciications ave only specifie 4o this study, but any
Initinl velodity field could be speeiticd and i+ Feomporal evelution studied,

10.2.3 Scaling

The primitive Navier-Stokes repuistions (10.8), {10.09), aaud (10,107 deserilo a How
systein i terns of dimensiount vardables The wse of dimensionless pronps ailows
the independent sud depetdont viriables to be sealed in torms of dimensions]
fuctors (such nx pipe rading viscosity, ofe), snel that the reanBiing equitions
are fudependent of the seile of the sestew or tvpe ol Qoid,. Thess dbneastonal
faetors v wanally be combined into one or inore paramettie peonges, suele tliae
peametrivally confurial sestemy with jdentieal vabnes for these pasaaetops are
cdoseribed by o sdugle solution of the vesulting eqmations, The Resulds mnubor
% perlugs the most ronpueuly known such group. aud can be wderstuod as
tlie ratio botwoen the inovtin amd viseous fovees aetiyy a0 faid, Two fows
ad dtlentical Revuohls wmanhers in peosetyically conformal systeis will iehave
identieally,

Farthermove, iF.a this process the dingensiouless vaviables are wade of order ohe,
thou the wagnitude of any term can be yestrietsd 1o the dismensional eoelleient.
"Thix allows ready fdentiiention of negligible topns iu s system of eptions, and
thik an nderstundivg of the asyptotic heluvionr of o systen, For fustanen,
for the eee of lnpulsively stavted pipe entrasee lows, the Revuohls monber
sulfices as the only necessaey deseriptive paeametey [l da Silve (1000)], By
nsing the principal of dituensionless granps, fov high valaes of Be, 8 3s possilde
to show thal the apstemn bevomes tdepeudent of the Beynolds amwber, This
elin Silvn wad able to solve oo stuple indtialevalue problews to desevibe il cias of
bt Be fmpdsively stayted pipe judet How,

For the proseat ease, both the dependent wd independent vartables of egnat ions
{10.8), (10,9, nad 110.10) sre subjectod (o o simple mons=dimessional treatnent,
All terinx are yepreseuted as o nniary varfuble of ovder oue wnluiplied by s
dimensional cooflivient, In this way, the mapndtde of s ferm i condined to s
coelliclent. If the terms gge ope g a2k B aee talen ta be the ltetos of
dimensivuality, ten the varkibles ean be poproseutod as

[T AT TP
A S T
£t LAY
[ S 1T
roenome

N g
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The most iportant condition i the inflow condition: the pipe i modelbud
as drawing Quid fiom a <till roservoir throwgl o bellanouth contricfion, It ix
asstimed] that this contraction i shaped in sl o way that the fAnid onters
the pipe with a unitorin veloeity acvass the pipe rading, and with a very thin
Bowdary Lvor. The jnflow volaeily profile shape {= assitned lixed jn thoe
{oxeopt perhaps {or masseflew changes),  The shuplest approgimation to the
inflow profile is taken as

il 1Y = IT() {1010

where 7(#) haw some giveu vatiation in # alone, wiid ¢ the mean Dow rde iu
the pipe. Strietly speaking, (10.15) violttes the nosslip condition at (0,0.8).
It sdaple fori s only futendwl to be an approximation ta the physiead ltow
vondition « whoere thers will veesist a0 vory thin bemudary layer Trow rhe indet
vorstraction. Tls, strietly speaklng, e more geaeral inbet comdition s

al(lr ) = Palec) - Pate M7 (10.16)

Tlere the inflow coudition ix taken to be a prelile T, sellsboilar i Hme, sealed
B 1he mean Bow vate (0. The prolile shape Ty given as some flised letion
of 7, The wss ffow rate U0 then effertively becotues w foving funetion o
the pipe fow, Tusdeady pipe fows Wil be vopresented by varyiug (1) in a
preseribod wiy in order to sodel a Jow whose Jowerate is changing with £

The form of 1hoe il inflow veloeity s not yor been detesadned. Tu s ey
similar to (10,16), the r contpement ab {0, 008) cult be specifiod as {on )
Pl #) There are twa aplious swadluble heves Jigstly the radist component can
b fixed ot gero, Thix Is cquivalent to the How entering the pive thraiph a bank
of flow styajphteners. Seeondby, some arbiteary condition coimpensirnte with
the iulet contraetion eni he spoeeifiod,

The only vodition left nuspeeiliod above see the nitalcomditions. 'Phse rons
ditions doseribe the stiute o the Bald a the bonndary Yy = G, w0}, or i other
words the stute of the Hub] everselwre at 72 - @ For the present stady, the ukd
it e pdpo i taken as Deiug ostastaneonsty aeerderiated Brom rest impalsively to
o Dipl Revnolds anmber, o where $tx mase fow might or might net chanpe
fugther, Htedetly, the tempornl domain i the open s 6 (0] A 22 0,
the How is at rest everewheres Lo, wte, oo 0) 0 #lan e 03 01 00 The flow 3= 1hen
innnediately vaised to aoine fuite velocity 770 « e mean flow vate o the pipe
at 75 08 Thin i ogpaivadent 1o

PO A IR (1) U
with the radisl component fixed a

T (LA [10.1%)
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T T 1iip i (1 i ) iy
wrr b PVeoe ofs gFeasn 170w anenes ofa J8 ] s | oeaanfarp oy Nl
gr e ey M e L) {n.m

14, ihi
‘FE%?“"'} + :TF = {10.10)

The above relitions ave simply o restatement of cquations (10.1) aml (10,3

i ststdar form, amt transformed into o tidind cooordinate sestens, Thos thoy
ire complotely generals ogeept D thely exeluston of the aginmthal compoaent of
velority

10.2.2 Boundary conditions

T owclor for equations (10.8), (FL0) and (10.10) fo pepresent properle a pinticns
Lir foew of futevest, relevant Lbomuedagy awd indtial coneditions nesd to be appalivd,
Thewe conditiots for notsswirling pipe indot dow are stepiphtlorward: livstle the
velovity at the pipe wadl Yy oo fe B0 winst De zero by vivbue of the yoeadip
vondifon. *Tlis resades e the two conditious

Wl B4~ 0, SRR
F‘J‘\ Ifif) il u; {1“-12]

hojeg mutistied at this bomudory,

The collapse of the thvec-ditmensiond domadn 1o two iecessitates the inelusion
ol » setumetey eondition at the coutvoline Yo o (e oty in order that the
solntion e sjupleavalued and bownded Love, Tn sealin forn, s roetives the
sivhisfeing of the conditions

i )
S o, (0.1
elan ity — (11

Tl ithove Tunr conditlons olfoctively consdrin the Mids the Dnid is drieen Ty
the inflow and outflow condithos ju the pipe, Physivadle those copcditions see
et wsstally fugposed e o pressitre dillivenes actoe s pipe (water Howing, [rom
i Diplepressiee roservoir 1o oue st lower peessuee ). However, in otder to study
divectly the phensmeui of aceeloration el ows, the caevont vholee s 1o
fmperst thess comditions ws veloeity comditions at the iglot of the pipe,
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Figune UKL The radial cocordigate system for pipe ow,

A Tarther patura) subset of pipe flows are those fo which Qere is ne swid come
peneyt to the fow. T this cuse e systow oxbibits no @ dependenes and thus
s cudind cosovdinmte systom of fipnre T rediees to an agivmauetyie systen,
The solittion dunidn in s cose 0 < p o RO w0 Baml 004 10 e
whore L i the pijae leugtl, aned 8 b internad vadivs, Tlis eo-obdiate syutem
wits used i this ade and B indieated do e 12

L A R T R L L B e R L U R TR U ST AR SR I
o m e w a a T a e T o E T 2ol lte :oa B w1z ow o xom o oa.aw w
T wall
A
I .
;l
L
X
|
£ Peaa amimn e

RO T
Tigy wee 102 'The rinplified ecosovdinate system for axisvimetrie gsipe Dow,

The vertar untidion ol the previons seetlon s wew deoppud, The two averiing
eegitidd inns vesulting froan the elimination of the seimuntbal congrssent of veloeity,
Dl the coptidty reguirement will he given as oo aalae squations The
depedent variahbs are given general'y as the axial veloclty & wQre, # 0 the
radind velovity ¢ = etaor ) mind the presane pos plecr ) with e nenlting
sl fed oquatleges given by

e dw i 1dp 1 :'Ju) i
e l W * PUoEe et b el e o ”,N
b el T e [r i ( ard T Hux)
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Dlvect imaplicl fnplomentation of the integral vovticity conditions will lowd to
i catsality probleus the evelfent uadwee [ which the oquation (10.1) must he
solveed (ovolving vortivity 1o the next time steg and ten detestining veloeity)
Dplies that the vorticity it be evaluated fivst. There §s however uo way of
lplicithy evalusting the voeticity boundary condition withowt tivse ealealatiog,
the new velocity, bat the uew veloeity dopends diveetly on the vorticity wall
copuldition! The effeet of Giis s that suy wanerieal methad applvivg the vorticiee
eotlition steietly will e preeuding {he diffusion of wuy information in from the
bonndaty with thne, Thos the ouly sueeessful method of solviug eguation (L.1)
i« by the mathematioally incorreet explicit well vocticity apposel,

Phe bowulary values for e strecunfunetion approacit (TILT) are siinple e oi-
rectly fruposed vouditions, This is beeanse o velates to the veloeities in aderivae
tlve sease fsee the relations (10.8)) and tlaes sy veloeity ewd couditions jost
hecome devivitive streambfmetion conditions, "T'he disselvantane ol the streiune-
funetion wed hod dies Toth i the hiph order of the equition, aad in the stmctuge
of the temporal tern: the systoin is of Tourth oedor, el the tempors] evolus
ton % i terme of $90, and uot . direetly, These Factars usualiy make this
wiethest] nonenptinens By fdtedidlevenee appeanch, beeause of the iuacenraey
of representing, sneh ligh avder derivatives,

The abiove ciscmson wis coneerne] with peneral ornmalations of the il Navie-
Stokes pelations, The vemainder ol this chaptee will < sider approgimations
i these Tull equtions that ave valid Jor Liph Bevne'ds manber pipe fows,
Tl eliseussion will proveed from the primitive-varinble Navier-Stokes relationms
(10.1), and the climination of the pressage tepn will he considered lateg,

10.2 Unsteady pipe flow

The eurront stndy s coneerned with the Bow of an ineompressible, Newtoniau
Hiquid in the cultsnes yoplon of & pipe, 0 the absetee of theral griclicnts op
Liowdye forees, Flows af tiis elass possess o symmetry shout the agls of the pdpe,
tla it iv natural to represent thelr spatind demain using o riellal coeordivale
AN

10.2.1 Co-ordinate transformation and equations of motion

Tu o pipe agstemn, e three most nalaral orthogonal ages are; the axial cos
ovditate & wfented along Ehe contee lne of the pipe, the sdiad eocordinate
rprojectiug owtward frow the coutee Bne, and (he wzipmtlal co-arduate 8 -
an el displacement arorned the pipe. Fipnee 101 shows thix co-ordinate
sysion),
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(i) If the dowain i restvicted to be two-dimensional, theu the streamfunetion
ean be usel, Consitler the planae veloeity field u = (u, 0,0) 1n the plane
x = (g, 0) Ti this plave, the vorticity is defined as ws= (0,0,w). The
sireamfneton ¢ is related o e velocity 1 s

deo g

O e R 5
gt “y ¥ i (‘}.r-‘ [1“ ’]
anck to the vorticity w as
Them i, (10,6}

By eefornmlating the eqmation (10,1) i teems of the seresmbetion (10,5},
a sinple equation in the sealar potential Mncetion 5 alowe can be derived,
This streamunetion Novier-stokes equation ix

Dog, Dy By .
AN v AR Ry U (10.7)

Thix equation i sllicient in itself to deseribe = divergenee-free volocity
fedd, thus no continnity constraint is needed. Thus this cquation foads
to 4 vory simple nesus of deseribing a twosimensioun! low system, Fx-
tonsion of the apgroach to a three-dimensional system is diflienlt, awd o
avcond streamdunetion most be used, The velevant equations for a threees
dimtensionl formmlation can be found in Murdock {186).

The above vorticily-transport formulation (10.1) is an elogant way of vemoving
pressire, The price of this convenionee is the complieation of the boundary
conditioe:  the application of honndary conditions in the renadving velocity
tovi i atraightforward, bnt propey application of vorticity boundary values
reanbis in integral peopoerties having to be satisfiod, ‘To Mustrate this, consdedor
the prraliel Qow hetween two at plates, I the futepration dowmain ix tnken frown
the centrelue to the wi'l, then the comtrellue vartieicy constraiut s wey, = 0,
commensnrate with the synaetry of the flow. The wall cousteaint becoes
J',‘_.l,"t “"wdy = {1, beeadse o thiz puadlel fow, vorteily relados to the axial
veloeiy iy w o - ﬁ:

The way to avaid the nse of such intearals s o evalnnte the wall vortlelty
explicitly aml only ewmploy the veloeity conditions huplicitly. That &, in o
towiporal evetntion, the internad voetieity Gokd, and thon the Bl vrlocity Held, is
caleulntod . a vew thin s step, Thereafter the wall vortieity i deterined lrom
ihe previous sime step,. This method of evolving, the svsteun i3 not phy sically
vtlid or wathemaieally tigorons, and in elloet coustitntes o work-uround !

i aspreetudd Usat thix was one of the prollemn that enused o noticeable ereor i the
bz floww ealenladions of da Silva {1990), Teading, ta bis incorvoet deteraination of the nenteal
wtability carve for the steady pipe seteisare sesiei,
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cucountored in solving the Navier-Stokes equations: the momentun eonation
(10.1) is » temporel evolution equation for u alone - pis not evolved by this
equation, Thas, although equations (10.1) wud (10.2) fully deterwine the four
unkunowss (. p), the struetnre of egpuation {10,1) ix sneds that pis not given in the
s sense as s The prossure tev 3 o effeet an aplicit compensator whick
adjusts iy value histantancously to eusaee that the veloeity field % divermence
free?, The problew with prossure avises from the incow: ressibility assumption
itsoll; In a compressible spstent, the continnity equation clfectively evolves the
prossure in the manner of the othor vaviables, It I tle shoplilication of this
relation which elevates the prossuve to bts wimsnal stadus in the ineopressible
systen,

This strueture of (10.1) detrimentaliy effeets the eaxe of iwmerically formulating
the full Navier-Stokes ocquations, It is for this reason that most connnon wmeth-
ods of nnerieal solution for the primirive eguations {10.1) ovalve the volueity
cotponenuts dilferemtly to the pressure HSeld® and may also lead to associated
problens with stability and aceuvaey andess oovelully planned. Dotails of the
lutriencies needed to make these formuintions work correctly coneern sbstnutial
parts of sueh works as Roache (1973} abed the reader Is eefovred there for fiether
Information,

The simpleat way arownd the prossuve problewn is to climinate i from the govs
erutng equations allopether. Appropriate methods of deing this are outlined
lielow:

(i) The equation {(10.1) ran be relormulated in terms of the vorticity, The
vortivity of a flow w = wlwy,wywp )} s introdneed ax

w= VX, (1L,3)

If the curl of equation (10,1} 2. »ken, tien the cesult §s, alter the sulstis
tution of (10,3}, an wquation in u an’ -+ alone

-‘-:-;-;}- +uCwaws Tud 1y iw, (1¢0,4)
Thix etquation is usnally termed the vortivity-transport formulatus, Fequas
tion (1) ix for a genesal three-dimensional [nid, For the resteietive o e
of o twoedimonsional domain, the torm wrTw s identically zero, aml the
cquation simplifies somewhat, In a theee-dhmensional svstem, this term
represetits the eifect af vortex streteling,

Shlnthonatically, poacts oo Togranpe soultiphier 1t esres the Sncomprossilllicy
conktrainl,

*In some types of finitesdilference mothml, the prossaze i even deternined wt differont
nutles to those where the velociis §s ealeulited.
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10.1 The incompressible Navier-Stokes equations

The incoutpressible Navior-Btokes equations deseribe the eelationship between
the veloeity of the {uid, ts pressure, and the action of forees on the fluid
boundary,  The velovity in o general wusteady fnid of toee-dimensional ex-
tent within o bouuded repion Vs sepresemod by a three dingusional vector
fieldd w = (itgongeoneds The velochy can vary in space nnd thney u = u(x.1). with
x = (g, 0p0rp) 110 arthogousl spatial co-ordinade systom, aud £ the time, This
velority iy determined by the general Naviep-Stolies squution

” ,
f;'?lf d s Ve =Tp 4 vV B 1), (10.1)

Here » ix the kinematie viseosity of the finid, The pressure p < pxh) s a sealar
fiold; that is, #* any oue polut in space nnd tine the pressure p is cepresented
Ly a stugle vaote, The veloely fiold is ferthor salject to the ronstraind (hat it
he divergenve-free, Thix restriction is the contivmity roequircement

div{ua) == 0, (10,2

which must be sutisfiod overywhere iu the fluid, Tle equations (10.1) and (10,2
constitute o complete set of Tour independeut eoquations in the bur nukoowis
(u,2). The derdvaton of tese relations can e Tond in any standard work on
fiudd uechanios [BaVelor (1967), Sehlichting (1979)).

Any particular solution for v and p s determdined by actious on the [uid body
through the bonndary ¥V aud via the body foree I The finid s assued (o
adhere to the bonudury evorywhors: portions of the bonadary may he moving,
“eagging' the fiuld partlelos alineent to it along, or portions may e stationary,
restraidug the id here fo zero veloeity, These houndary cowmditiots arve the
driving or foreing funetions on the fluid, The body Toree F(x, 1) also acls nd o
forcing Minetion, It hore its effect i direetly on each element in the finid, Thos
the two external influenees, the bonndary conditions and the ady fovees, define
the particular intermal state of the Quid?, I the Auid bas constant density or no
freo sarfuce, a simplfication cau be nude (o equation (10,13 Tu this case the
weipht of cach eloment of Huid is exactly opposed by its hydrosratie buovaney
foree, atd F e be caueelled out i the prossure p s taken wits, respeet to o
sititalsle datun, "Thus for fully enclosed homopgeuons ineompressible Quids, thoe
Loy foree P ean be fgnoved.

The pressure p in equation (1L1) unly oeews viee on the rightland side, W
i the appearatice of pin this wite (hat &5 ees ponsible Jor st of the probleam

Yho dUlficslty fn Guld mechandes, and ths He migar teasan e it cantiouing itotost, in
that o partiontar set of bonndary conditious de sef defiue secessarily o wpiegae demal slae
al the Auid. As fald velovitles inensee, the internal wotions bifureate Tron o sinple-vidned
natuee, and beeome chaotle, This i the so-ealled $eavsition to tarladenee,
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The governing equations

Perhaps the contral tenet in Lhe stney of the motion of finids is the accoptance
of the wbversality of the Navier-Stokes equntions in deseribing such sy ems,
Disagreoments in o feld of fuid weeaatdes stosn edielly femn disparities in
rosults attained through the, =pplication to wodel problems, aid due 1o their
insolubility in all but the simplest cases. Thus the major probiesn is not a
mismiateh between the governing equations amd reality, Tait rather (he diffieally
of solution of the equalious themselves.

Derivation of these generadly applicable squatioes ha Leen aseribed firestly to
M. Navier in 1827 anl 5.D. Poisson in 1831, Those two workers derived the
velatlons from an arguiment oxtouded femu basie intermoloctlar forees. Later B,
de Snint Venant aund G, G, Srokes sopnrately arrived at the same relatfons by
nsing the Newtoninn assumnption: that the normal and shearing strosses acting
on the finid are proportivnal o the rate of deforation, This aswnption of
e Hnearity of the applied foree to the vate of strain s basicatly Newton's Jaw
of fiction, The verneity of the Navier-Stokes oquations s hudispotalle and
has beon conllrmed i wany experimonts sitels as boaninar hoaadary hyer fows
amongst olhiers.

The mation of a lignid at low AMach nnmbers (far away from that fiuid's speed of
somd) allows n sulmtautial simplification to the poverning relatious, Under such
cotlitions, the Huid can be deemed inconpressilile, This sulset of the Navier-
Stokes relations hax heea the suliject of mnel Al will he thie sole subject
of the current investigation. The eqp tionx w - o generally soluble, bat with
the availabiiity of powerful vnmerical nuchines, highly accurate siimubaiion of
the behaviour of incomprossible fluids has boeome possible,

156G



Preamble

In this part of the thesis an anadyvtical ramework is establishied for (be petieral
mathematicnl deseription of aceelorating flows, A general munerical wethod
of solution is developed, il as a result, accurate mumerieal solutions to the
resuttant governing egpations are obtaiued, hotl for the Laninar flow variation,
and to prediet the ouser of istahility, in exponcntially aceelorating pipe entrance
fiows,

Chapter 10 that follows derives the hasie governing egqnations of relevence to the
study, The mumerical method of solntion is introduced in chapters 11 aned 12,
while the resultant munereal teclinigues ave verifid ou simple Quid mechaies
probleuis of relevonce to the study in chapter 13, Results for the laninar base
flow in the pipe extrance are then given in chaptors 14 and 15, while the staidlity
reanlis are presciod e chaplors 16 aned 17,
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Liguation {1HL18) is o Huear partial differential ecquation in the disturbanes {orns,

The mathematival fuim of the distarbanee has heen led unsperdiied up uutil
uew, bt is vow given form as a pertarhation ju streunfunetio.

W ey expliale - ot)], (10.19)

where oo ix 0 {compleg) spatisl wavennmiber enabestviig the spatial Delaviouy of
the portarbation, e (complex) is teemyed the colerity, and embodios the temiporad
froquoney and veloelty of the distiwrbanee, amd o) i Hhe shape of the distur.
bauee rulially. Both oo mnd ¢ ave coustant coellicieuts with respeet to e, r amd
{.

The listwrbanes trewnfunetion o is eelatod to the veloeitios o', of an

1
0o =¥t
vo= r:: 1‘-"_:. . (10,511

Eegration (10.19) can bo ditferentiated any munber of times with respeet to @,
v or £ Beeanse of thix, the 4, of teraw o eqgnation (1048) Gand tliefe derivas
tives) can bie roplaced with the oguivalont streunfaunetion relutious wsing the
eunations (10,50} "Thix leads to a differential cenation in o alone, Snbstitution
of the distarbuee form (10,19 into the resulting equation, ad the sibseguent
enncellation of the exponeutinl torin feow the cgnation by divisdon, resulls in

i : L) H & ; P I
;‘; ['f'rrrr = iE"a"rl-r + ,1.'! Llpp i.i‘:i’ Ly -k ';?,Ti (‘:'rl‘ b ;I;‘-‘r' I ‘;‘,-:.{'-"]
. 3 X J . .
@ (o= o) lf-"rr - il-‘f'r- - ?';{E'r"] + ("rr e : fty ) 12 (1t}
SRAT) [,_;'." T
or, if the vporator
i 14

L™ vy (1052)

Is introdueed, (1LA1) enn be sainplilicd to

i n* ¢ o nd . _ .
;'l- [(f. R;L,) | SU.] FY IR T Y [f. h'l.-'z] 0o [f.u] 'R (1iL53)
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euttintions. The secoud standard assomptiog of the Buenr npalysis i now fuvoled,
ey that the wean flow varfution by itsell - ognations (10 « st alse
sutisfy these relntlons, Substiintion of the moun How variation {1030 iuto the
Naviop-Rtokes velatious yields 1w sttnplified equation

Lt o> =i b -}.{:-ﬁ,.},. : {10.40)

ot tuin of e Do How variibles o thedr derfeatives (e, o) o1e zoto by virtae
af cquations (10383, Dletion of these torns front the expamlded equation keds
{1H

2+ ﬁ} O LI T N Y LR AT & :‘- (i'l‘l:.)' ]
'[J ftr), l~ l u,, (10.41)
Wi R [;1- (re') ] " ﬁ, Sty (10.15)

‘Uhie eqrntion (10.18) can now e used to hether sbiplify equation (I844), ‘The
veanlt of this is*:

' b ) & ad etz g (Pu,.) e l,H“ (10,46}

o it e Hetpl 4 [ e, ] ﬁ 3¢ e {1017)

It v poxsdble to shuplify eqnation (HLATY Mrther by favokivg continnity for
the disturbanee fees (The distinbanee ansk olwiously satdefy the eontinuity
respuirenwent (10273 This allows the replcement of the 1epm ,‘ ('l wlth
=,

In veder to eliminate the prosare tetins, eqaation (10,16} I dilferent tated with
respret to r sguation (ML LT, aller division theouph by B, I dillorentinged
with respeed toa, Thervadtor, the resilts aee saldseted one o suother, This
pracess reatlts ina single squation without the pressure tonn,

1 . . )
[r (I'H:.}'_]r oAbl i (1 e il gt
l . 1 1}
lj"—"‘.':‘ Bty b rf, ] Hl--l-:'j._, R I {10.18)

’I'.qu.mun llilnl ) ll;l\.'i."i.l;:.l';:rl-i-';:‘i.i’l‘t!i] Lokow i eepantiom (A7) Tor the salie of chaoty
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These veations deseribo the goneral bolaviour of a finld fa o pipe, where the
strongly varving Bowrate is encapsalated by e aceeleration parameter £, while
the magnitude of the renovmalised veloeity ¢ (4 in the previons seebion) toinniis
of ovder one, The flow in the pipe s now aken 1o consist of an jgvariant mean
fow with o voperimposed snall finetnating compouent, or

0 = i+,
B g, {10.3%)
p o= peepl

The mean flow in the emmmallsed basds is talen as el steady and parallel;
that Is

i = wirl.
o= 0, {1enate)
poe= pleh

This chiotee of base flow ix analogous to the assumption made i the clissic
Rox] devieation. where that flow ix also aswuied stendy amd povadlel. However
In the present case, the mean eposseseetional veloelty U7 can wary generally in
swugaitude wu T7 o PF(H) with ne Joss of generality The superimposed ety
component i given o general foa, nunely

= Wi,
oo Wil (10,4
o Pt {10.11)

(lo.1:)

Ths the netnwd flow {u the pipe consdsts ol te reaviant wean fow (1039) plus
w sperimposoed factaating compowent {10,083

Equntious {10.3%) are now sulstitnted fnte (UHLER), (10.36) aud (10.37) und
expanded, The pripnuy ssamption of the linear thesry s now jnvoked: that
prathiuets of small quuditios, sueh as w’ef, wre nepligible i comparivon with
toyius eoutalndng one or o smadl tees, such s gef or g, Prodoets of these
snnd] tepmnws are thus eliminated from the yesabting eguations,

The snlstifution of the eqantious (10.3%) into the Navier-Siokes relations i
tattmimsonut {o statigg that e Bl veloeity Bed (ueep) has to satisly these
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10,4.2  Assumptions & methods of derivation

The npplication of the Sexl equition to pipe emrance flows is sabjoet o the
asswnption that the flow s geardpprrallel That is, that the vadation of the
veloeity profilon in the axinl divection is griwlnal enoopl to allow the stabitity
anndvsls Tronn fanlateed peoliles to be used, The eflvet of the non-pacallel veloeity
field within the pipe julet on stability has been shown to be negligilde by Abbot
& Moss {1094). For this reason a parallel analysix is porformed holow,

Two methods of detdvstion - sielding the sanwe Bual pesalts « cun be used o
generate the Sexl equation: fu the Grst approscel, s geneval weas How variation
{with wxind dependenee} s used, and the pearly-paralle] aesumption is used to
vliminate the geglipgible baseflow terms during the congse of the devivation,
witle the secowd method assames o paralle] e Dow from the ontset, il thw
the nogeparallel terms sre removed belore procecding with the analvsis, The
lnttor upproach lewls to & muael wore {erse Tormdation, while, ks meutionel,
vielditig identieal resnlts,

The temporal varintion of the veloeity profile shiape (uot its magnisude, whick
i geeotnted for by the acecleration paraweter) has uot been mentfound.  In
faet the aisumption of sheadiness implielt in the stalility devivarion would be
vielated i the peomucetylen] shape of the velocliy profiles varied dn thoe, However
it will be shown later that the expouentinlly necelerating pipe eutvidee repion
in eoupletely stewdy in the resormadised frvnework; thne thic reservation is of
ne censequence,

10.4.3 Doerlvation

The wtability devivntion heghan with cquations (18L25), (10.486) and (10.27),
whieh fudly deservibe the axisvinmetre fow of au inconpressilble Doid in o pipe,
wiieler eolitions of arbiteary acveleention. “Theses squutions refor ta dimeysion.
Lewis warfubles,

Due to the natare of the derivation, o e ¢ umlmﬂ nntation willk e adopted for
Flie representation of a deivative, nanely | "2 g Farthertnove, for clarity, the
b wilk e dvappnd from the tlull(‘ll‘*ll‘lntt“ﬁ qltmltitu-n in the aliove mentined
vepations. These eguatious can be restited Jor elarity

{10,35)

1 1
ap b b w4 vy s ~pp . (P, Tl yr
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10,4.1 Types of lincar instability

In the pipe flow svsten the madal shigpes of the instability can eitler e rota-
tinaad nnetricsl about the oviply (axisyunnetricd, or pessess an acimothal
tloonprde aee (hoteasbauetrict, Iu the kiter state a unmber of diffeead cons
fipneations van oveny, vach with an juteper asimathal fegneney, OF all these
mades of instability, the two mnst prominent see the asisymeetyic aode aml
e non-axisvinetrie v with an arimntbisl Gogueney of 02 1, In the case
of wtepdy flow, the smuation fa the o dsynonetrie rase is the stradpght forwand
Sexd velation [Drasin & Reid (1981} The now-axisymuetric equation is maths
ematicilly more comphes and consists of a voupled set of differentisl eigenvalne
peuations free Mang & Clhen (1974).

Unlilie vhe siability of planay fow « where Soquive's {1933) theery dietates that
thie two-dimensional distmdsarees ave alwiges tle mest wstad- « there §s no
prntsnter that asisvinmel vie disswrbauces g a pipe systens are the wore dage
gerons, In fuf, work Iy oung & Chen (1970, B) and Gaeg (I981) indivale
it plpse fubet How i wedt unstable ta the pon-axisvinmetsie disturbisee with
avinmthat wavenmianher #0010 Thus, strletly speaking, the more comples re-
lntton shenld be emploved iu conjunction with the Sex] relation, in onker 1o
dletermine by the respouse of e pipe inlet to peoeral siall distarhanees,

Tloworver, Thiang & Clen (207DL) showed that tere was ouly o sall mumerieal
dilferenen hetween the axigmunetyie el aenasisyinetvie minimu evitical
Revuolds munhers (i their owse Regqgy - 19 ™0 B - 1 as apposel 1o
Reyepiry = 19 M for 1= 0) They also showed that the two variatons of Bryegy
with axinl distapee approseh each other towsrds thi dndet, aud that towards this
ity the axisymmud rival distarbanee bas prontivence, "This i boeeasise, nx the
pipe enfranes §s approsched, (e houadary ayver thius, and approximates nore
and more a two-ditaemdoaal boundary Taver, with the resit thae the Squire
{LES3Y erdterdon boeowos wore vidid, ‘Flis wis soon i Hoag & Choents (L9741
results, This bisundary Javer heluviour in this Hmit ix ishovent in U goveraing
wopnations, awd s demonstrated in o later chaptor,

LR

T cmrent nvestigidion cotwetns the develojagent of a sabiliy aodel for
sastoiedy Howse Tl lack of auy appeociable yosoerely G the leld Dl justifios
the coustdernti. o of the simnloe « axisenaetede = disturbaness Jest, repgardloss
of whether they are Hhe most wnstalde modes or wot, The closeuess ol vesadts
for the two tepes al disturbanee fu the steady eive wilk gaite pobalily buld in
the more peteral, wnsteady study, Thus in order (o satisfe (he primary goat of
the resoeel « the wadeestancing of the peneral stability hehavloag of nustouedy
Mows « while retaiuing shoplicity, o consideration of (e shnpler axisyutuetrie
distuybianer ponles is sulliciend. The wone-senanetrical study is thas Jeft as o
tupie for fuether eespinetn, Tu Gt the simpler devivation given bere will present
the framework npon which the wote conplex analvsis can be hngh,
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14 chi
- »I%;-:(rnl > :]i'i o (10.34)

The sguations (10.33) and (10.31) are sullicient 1o deseribe the bigh Reyuolds
wimbet unsteady How i a pipe entrigee, The pair Torm w eonpled set. of partial
differentinl cquations in # mud & alone, Beeiwpse the above equations e deelved
dbreetiy Fotn (HL2SE (10.29) and (10.80) without auy assamptious, they aee wn
fens rostrivtive than the latter, Although the jutepral and boswdary ternns i
erpation (10.33) may seem awlward, it will be shown fo chapter 12 that the
whnerieal procedure treats them in o wiiform wauner, and thns they offer us
impediment ta the solution, The squations are nonslnvay; however, the salntion
toclhudeque emplayed will handle these pon=learitios proprerly, ad o lneavising
will Lo neeossagy.

10.4 The unsteady stability equation

Thin section & coneormd with the devivation of ** “npear stalility oquation
npplieadle to aceelorating pipe Qow, from the g etputiony given du sees
tlon 10.2. The devivation follows the elussienl approach to linear stability [soe
Drazin & Reid (1981), Lin (19553 A peneral forin of disturbanee is introduved
inte the governing eeitntions, the resubting equations are lonearised fu the dis
turhaner quantitivs, and o complex differential eigenvalue problom deseribing
e Hnear stability of the ow results, dowever, the equation devived Lere will
e seont to be more general in s application than the Sexl equution for stewldy
pipe flow, It recducing to the latter in the limit of zevo aecoleration,

The only knowk stability study of tomporally unsteady lows ix that by Shen
{1961), He showed fu this ploneering work, how igviseld Unoar stalility woukl
apply to a limited sot of parallel aceolovating Qown, in which tse veloeity chaupoes
with tine in wagnitnde onby wx w(e #) = RO 00 Ho agoed that the rate of
Inevense of the suerpgy of the distsobanes had to oxeeed e mte of fnerease of
the energy of the ke flow, in order for o distuebanee to e deemed namtable,
This ke termed momentury sfahdity, To watdsdy thiv evitorion, be showed that
for instability in auch o systom én the inviseid Ty e = B0 whore 17 1
the wean llow velocHy, rather than o o 0 wpplicalde for quasi-steady lows,
Thus, an seeelerating fow wonld have a higher evitien] Revnolds aunber thian
i flentieal one showiug steady-state heluvionr, while the converse would apply
for u decelerating fow, The ~,',a fff,': ternn i fatniliar from e aunbysds of seetion 10,2
s the quantity §2 « the pecoleyatfon parameter. Mhien's analyss wi lindted Ly
it fnnvisedd untnre, For viseows (Hnite Revuolds manber) Hows, L shoaed that
his analysis was ouly valid in the it of voey tow aceelorations,
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The above reaormalized eqnations give the impulsively started systems of da
Silva (1990) for £ == 0. Furthermore, they are Reynolds wntber independent,
o single solution for v particutar Q) recovers an entire Tunily of fows with
different Revunlds number vanges, As will be shown in Chapter 17, this poiot is
vory buportant for the ease of implemcntation of the stability analysis, iu that
 ulugle set of buse How remitltx ean be used to determine stabillty throughaut
the full rauge of Re,

10,3.2 Elimination of pressure torm

As wmentloned above oy numerical solution methad Tor the Navier-Stoles aued
welated equetlous invarlably has difficultios with the pressuee teom jy "The ap=
e adopted hove is o wee o pressoave-integral methord wlich, while sliminae.
ing the pressure topm, will do so without approgimation and wiil still allow o
sinple and uniform wmnerea] treatment,

Broawdly speasking, the prosssre ean be ollndnated by equating the averaps pros-
sire at wopartieular pipe crasssseetion with the pressure at any owe poit, This
is pussible hevunse (10,20} stutes thiat the presare I o fanetion of # and ¢ anly,
"T'hiv proceeds as Tollows:

The statement thut the avernge pressave f< egqual to the actaad presewee bs ogquiv-
wlent to the mathewatical statement

:_]f'i-/;iff:l 53 u/ JCmede) : {10.41)

[

The relation {10,31) 4 no more than (10.29) n o different godse,

The way Torward s to take the Integeal % [y d of botl sklos of equation (30.28)
then Ly vivtne of the cenality (10.31), s Independent equation for the prossire
M obtained. Using the contlnuity consideration (10,80}, covtain terins i the
resudting eguation can be elindiuntod, The result of this Integration s

i oo, {
Y. sz+"==5-n_»f Pirdels ) (10.32)

the i dy T ’,, v

Frouation (1082} may now be combined with ogquation (10L38), in ovder to olim-
fnate the pressuee topn, The resdt s shown helow, The contfunity veepivement
(Lh30) I ulso restated below for completeness, The resultiug equations are as
fallowes:

iln L tlui 14 ( it
I |

ki
T o 13 pfpemm e r-:.m il il o RE
Hl{rf 1 “‘1 i P J; riilp i ~ )(1(] 33
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figure 827 for a typical such plot]. This is the strovgest possibi+ vindieation of
the powor of the renormalised equations, in that a simple mapping from an in-
variant stoady-state solntion can explain the details of a highly accelorative base
flow, This section Is & Infel overciow of the hehaviowr of the co-ordinate mep-
ping, wud detailed munerieal results for the aceelepating base Quw arve contained
lntor in chapter 15,

10.3 Laminar base flow equations

The above derivations have been genepal in nature, with the full axisynonetric
inemapressible Navier-Stokes equations heing, conside=od] in the context of wi-
stendy Hows, In order to obtaib aceurate domimgr results from these pgeneral
relations it is approprinee to simplify then somewhat to expecdite the solution
process, This seetion is concorned with simplifieations useful for obtaining ace
turate Jmmingy soletiony for the wisteady plpe entrrure flow, In the bHowing
seetion the derivation of the normal mode stability oguation for this system is
eonsidered.

10.3.1 The high Reynolds number approximation

The eepuantions (10.25), (1L2G) and {30.27) are the dimeusionless foran of the
renormudized weompressible Naviee-Stokes eqnatioug in au axionnuetric sys-
Lo, The relative fmportauee of the vaelous toetns Jor pipe Hows §s ianediatoly
appareat by observation of the terms embodying tlie Revnolds nuabey in esjuL-
thous {10.25%) mul (10.26), In the forwer relatton the nxial difnsion term :::'3"
seades as Be ¥ and thns becomes negligible at the Reviolds nmnboy at which
{ransdtion oceurst, Likowise, cousidering equation (1{1. i), the highe e approx-
imation states that g‘: = 0 whicl implies that ji = jite 2) alone. Fluws for high
Re, the governiug equations reduee to

élii he i ch L ¢ 9
i} e ofa §RiE o {f o W o 9 Por o e + Fih ( th‘) (10.3%)
tlp
ezl L2
i {10.20)
() i}

LIPS (10.30)
Filr i

.

“Tantabluty ceewes st misimmae Revialds nosber of approxhiaately 10000, thiy the axial
dilfusion teyi iv simaller by 8 oiders of maguitwde i coonparison with the remainder of the
vruntiogn.
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solution for the equations will mean invadanee in this transformed basis, For
instaunee, if the flow iy undergoing an oxponentizl aceclerntion §2 = &, thon these
equations will produce o steady-state solntion (after the transionts have died
away) in the dimeusionloss systen, However, the wapping & v & is prapertional
to {75 thus in the physival co-ordinate systemw, the solution domnin encompasses
more and move af the pipe in an exponentinl manger, Figure 13 shows thix
mapping at ove time, ad then at later thues iy the veloeity ereases, This
figure demounstratos how the strong varintion in an accoleraring pipe inlet -
a substantinl and coutinuing boundary layer thinniug - i solely a rosuit of o
mapping fronme ay invariant solution.

Transformed basls Plyysical basis

X
xk
Py , .t_,'*k
6.
x
it
LR R N TR T R T Y ] 2 1 " s b
i f
I
T T R g
4
P mat
: s
i

Fignre 10,8 The effeet of the vaviable mapping & -+ F on the poreeption of an
impudsively starvied aud expoaertially aceclovating pipe enteanee veloeity fow
(iuclicnted usiwgy dispheement thickness 6%} {n the dimensonless eo.ordiuate
svatem, fram o position of constant 2 in the physiesl co-opdinate systony, The
doshed fines tudieate lnes af coustant o Che plivsieal varistlon of 8% at an e
stition & =2 b s fdicated 1n the aceompanying plot.

Imedintely apparent # that the form of the vesults produced by thiz mappiug
is identicul to the sxperimental results from chapter 8 for exponentfal flows [See
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(iv) For any Dmctional varintion 17 = I7(£), the equivalent © = 4 can be
fousnd from velation (10.24},

Fhe aceeloration parameter §s a foreing funetion ot the svstem of equetions
{10125, (10.26) and (10.27), It is uot detormined by the system In s imposed
from the putside, As sueh thove is no lmitation on its forny Gmctions with
arbitrary temporal variation, even discontinnous functions, ean be used, Nu-
merically, ny value of 2 can be suppliod at cacl thue-step, This opens up
unlimited possibilitios in te:-w of studyiog musteady pipe Hows, As an oxamplo,
au fplsively partially £ ed How {0 Qow decelerated inpulsively feom o high
Reynolds mumber to a fower oue) ean be modelled stmply by making §2 < 0 for
a shovt Hime,

This paranteter was fipst introdueed by Shen (1961) du his pioneeriug {uud only
to date) study on the stahility of aceclorating Hows, 'This tepm arose iy his
fuviseid stability analysis of selfsiinilar accelerating veloeity profilos, as o ratio
hetween the energy of the base flow and the enegy of the distarbance. e (i
uet peneeate any base flow model, concerning hinwell mainly with the stabil-
ity behaviour of arbitrary proseribed inviscid profiles, Moss (19917 dovoloped o
lnninwr model for the temporally developiug flow, neorporating the effocts of
a peneral aceeleration, This war formulated using a mowentwn-lntegeal teeh-
nieguey, and the aceeleration paramoeter avose nalvrally fvow thiv analysis, e
simplified natuee of the fornmlption pesuited in limjted results, alihongh his
study showed the qualitative offects of aceeleration coreeetly,

The oxperimental siudios of Lofolsvre & White (1989}, {1091), also introdueed
ni energy-ratio torm aualogons to the aceeleration parameter, They were con-
coerned with the prediction of transition in a loug pipe mudergolng o coustaut
aceeleration,

The parmneter (10.24) thus ardses nntueally frot the formulation of n properly
wnsteady How systoun It ix o parametrie gnantifior of necelevation ln an mich
s the Reyuokds munber quantifies the How voleeity,

10.2.6 The behaviour of the axial co-ordinate

While the renormalisation of ¢ is faivly straipht forward, it s the sealing of the
axtal co-ordionte @ that noeds lovther elncidation: the dintenusiouless pactinetor
g i o netiow of U7, and sealos as ag x 70 Thus for o flow with say, inerpius-
g Reynolds mouboer, any constant rogion {eg.ee] o the physical cosovdinate
systom maps to o serieble rogion s the dimensionless system ol deeyensing sive

[/ eayeafenl.

It & porhaps clearer 1 this wapping is explained in the cotverse wiy, Equations
{10.25), {10.26) and (10.27) are in torins of the dimonsiondes wreiables, As the
dimenvianless hasis I 1he natuval Damework for these squations, an nvarin
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Ax stateg, the uther non-constant ternis by tad pyg ave never differentiated with
respect to f s can thus he teeated in the more conventional sense as cotstant
cocflicients, for the sake of this devivation,

If the parameter

d

1

L]
1
=]
-

o
=)

(124)

i dofined, then the I terins in spation (10.23) are convenfently encapsulated in
the torm €2, Thoe jucorporation of (10.23), (10 .4 aloug with the other (voustaut)
non-dimensional substitntions {10,197, (10.20), into equations (10.8), (10,4), ntud
(10,107 lewls to the dimensionbess formmlation:

i o ga dp 1af du 1 i or
i NN 17 et I + i = o - s th‘ ("ﬂi‘) + e 7az (10.25)
o hi _ Jt)ﬂ @/t ) 1 d i e
ot g RO (1 )] + e g (10.26)
19, . o
T H')+5§ =0, {10.27)

10.2,5 The acceleration parameser

The §2 tenn In equation (10,28) Introduced as equation (10,21) conveniontly de-
seribes the d{Floweate) /df bohaviour ax distivet from the d{Profile shape cliaoge) /et
boelinvinur goverued By the rost of (10.26). As such jt is termoed the Aeecleation
Parmneter, The form of § for vavious forms of 5{{,’1 doserves inention,

(1Y For au impulsively gecoloratod flow, 8 == 0, awd thus  wation (10.25)
reduees to the more couventionsl fort given hy da Sitva (1080) for devel
oping Hows witl a stequely nuss (low rate,

(ii} For systoms in which tho won How wrion os I7{{) =2 af, the avecleration
paramoeter §2 = () = § defines the elleet of a polynominl acreleration.
In this vase, the effect nf the aeeelevation dimdndshes n thae [or any o,
sl the dimensionloss systemn approaches the sane it as the impulsive
caso Jor large £ The coustant-aceeloration experinontal fows of Lefebvre
& White (1989), (1991} ave deseribod by sotting » = 1,

(i) In systemy where {7 varios exponentinlly as U7(2) = ¢ exp(af), the aeeeler
ation factor §2 =2 0 18 a reestenf puratmeter in the systews, For lage £ the
sestolt approaelios & constant Hait dillerent fom the fpulsive one,
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W,

1.3

P,y o

Pigwre 104 The variation of a normalised goverat Tametion ade, g) in the range
w €0,k g 0,2, showing the encnpsulation of the wnbonided varintion of
tlie oripinal foeetion w In the torm wy.

with I7 defined as

b endr
1= %ﬁﬂ- (10.22)

The equation (10.21) ix equivalont to separating the agial veloeity's time de.
pendence into {wo components: fivstly tie grong magnitude seating dependener
{7 and accondiy the weed profile shupe tempornl varlatiou, This sepavation of
varfance allows the poverning equudions to be formnlated analopowsdy ta the
dimensionless approach of da Sibew (1080 [or his case of impulsvely savted
pipe entranee flows, The resalting equation: will he showt to contain da Silva'’s
relations as o lwiting case,

As stated, eare must be taken to wanipulate velation (10.21) propecly, The

time-dorivitive of the product must be evalnated using the praduet role of dif-
{erentintion

.. ;.',t__._ PRI (10.33)

i (L0
H ['l,'" 1 (J" 0t )} .
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The approximate solntion b ¢ can theit e presetited as
i) S NF gt (1LM

where the ey, ey are the trind faactions wud expansion coelicients respe ctvely,

The prrpose of the wnnerican] wethed s to ited the valwes of The sxpansion
coolliciouts ap such that the uterpolatiyy soties < eguation (11AY - Is as aceurate
a representation of the unkirewn funetion as pessible, To do 1this, the residual
P ALY s miniised Dy enforcing the condition

./ L T2 PYRCY PR R S RO (11.6)
.|"

The vesidual i malytivally calenlable becamse of the simpde nature of the nial
fuetions (either Fouvier op polyvaomial), Tepe pq aee 1he ted finetions, whick
doteriaine the weights of the vesidnal, By usiug saitable sves ol tefal amd test
ltnetions erthopanal on fryees], the fotoped {10.6) can be minde 1o reduce taa
simple fornn that Is, for tepms like

b
.[ (g » g by = by (1L.7)
n

the terin fg, 2= 4 for all cases whepe & ¢ f0 What vesults s st of LY sinliane-
ofm equations in the N mbknown eoeflicieun pg, The susiliary concditions (11.1)
ave visnally enfureed at this stape in o variety of wayse either Uw (al aud test
Dnetons ave chosen swel that these conditious are automationlly satidiod, or
rome o, the ligher order equationy obtsined fom equatlon {11.6) ave deapped
in fovony of the ausiliaey conditions, The speeific applivagion of the bowwdary
coudition: partivndar (e eneh tepe of specteal method & ontHued Lelow,

Tlis is  pesersd deseviption of all so called *spectral methods®, Withln the whoele
apetrid ganmt, the chaiee of tetal il tost faetlons is that which sepueates the
varfons wppronches

11,3.1 Colloeation

The tollovation method wses shilted Dyae fnctions, plieed suitably st nodes
or elloeation pohus, for e st funetions, "This pednees eopation {116} (o the
vepefemnent thad the approximnting futetion shauld satisie the funetion exiet ly
ut these points, which ave specially pliced in onder o ensare Ligh aceupraey in the
sedition doutdn, This simplitiention wakes s methoed seoin very wmeh ke o
linite-difference srheime, breanss the sxpansion cocdlivients aye in fet the soliwes
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Tadile 11,1 Coneerpenee vesnd: of di Sihea (13 for the Ore-Soumerfold equae
tion applied to plage-Roisenille Bow, with o - 1 awd J - 10000, and coupared
to l_lw oxtaet” vesult of Orszan (19714,

T Reeli T O [Absolute wrorin
Ordey ~ T T ~ | imapinary eomponent (5
T 4 maniary companent (a1
Nz 1 LGB ] -+ 000061 ar
N oM (L2379 -+ ST ING L4
N30 (L2768 1 0003730 02
N oo fextrap) | 0297520 L 0008710 (oo
iy i L CC S e i SRR
N 2T13751 ¢ QA0NMEG T | MY
N LBTAGVE 3 000873127 | 0.1
Noodd LIITRAET0 & DAL | (Lien
N:Hi 0.23753648 ¢ 0.0UATIGTE | ‘exner®
N P RITRIEN F 0008TaT ) e

in the prid demsdty froan 200 to 300 poinds only viekds an improveuont of 1he
error in the insyguary companent rom 055 1o 089, Furthermwrs, both the
real and Duaginary viluos For o <2 300 are ondy aceurate to at wost 1 sipuilicant
lignres,  Thiv should be contrasted with the resnlts of Quesws (19710), who
achieved convergenee 1o 8 signilleant liguees with a Clishyshov approshusating
polynotainl of order 30, wwd at ovder 20 the resulls were nowinally bettor than
thot of da Silva,

11.3 The mothod of weighted residuals

The method of welghted rexdduals (MIWR) is Dused on representing the exaet
fanetion fo) in o compaet vange [o)oee] by aserdes expansion in a basis o, of
mutnally erthogonnl fanetions of oider o with ¢ elhiosen sueh thad the approxs
innting seedew, fOM2) 5 3 Ve on fry ] I o sdliciently elose approstie
ting by f () The tering o are the P askuown exputedon coollieionts, wiidcd wil
lies dleterinined Ly the solntion provedure, Selwtion iy aelidoved ju the following
way, ‘The avpinent proceeds for o siiaple one ditmensional example, Assoine o
poener] linear oporator M oopeyativg on an unkuown mueion v e{r). The
solittinu for o is determined by the dilferential squation

Moo D (103}
aloup with & asxilivey (booudary, syneteyy indtiak-valne, ote) eonditions

Fdw) ki O bl (1.4
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In the diseretisption deeay ns (Ar) for an arbitvary lnite £ as the prid spacing
Aar approathies zeva, Inereashuyy the order of diseretisation (for fustatee to a five-
point prid frow a threespoint one) will o o vield any ssymptotie improvenent in
rafe ol ronverpener, beesuse the order of disceetisation p relates to e iy o Gaesa
sonse. Anothor way of putting it is (o say that Bnitesdilference wiethmds are got
effiva ot - large inereaee in the ovder s mocessary to ackieve any conneysueate
inerease ju aceuracss Thveing sudd hat, wany problemms reguite ouly approximte
solutions, amd in these cases the Fuite-difference method is deotmed adegnato®,

The selution of the Owr-Sonmmerfeld equation for the tempural stability of plane
Paisenille flow serves ag o pomd point of cosuparison for the varions munerleal ap-
proachess boenuse it s o higheorder and 1 difffenlt mnerical systom, and bes
vanse oy researchers have investipatod this case. ‘Two fesd eawes for (his prole.
lenn have ererpecd, Firstly, cidenlation of the ndninnun eeiticad ey nolds nmmber
of Re = 577222 (obtained acenratoly by Oreap (1978a) nsing o Chiobpshov-Tan
method), snd seeonudly, calenintion of the oigenvalue spectrmn {for the some.
what arbitrury ense of o = 1l a Reynolds nimber of either Re = 5000 o
Tee == 1000t [for ldasee Davey & Drazin (1969)], One of the sarlior stability
ealenlations o be ciried ont o plaue Poisenille How woere thase Ty Thomas
(1953} for the estituntion of the wsost nustable symmeivie distaebaees mode at
o Restolly winbor of Hre < 10000, aned o0 = 1, s findlescifference forola-
tHan weed g Jive poind dbsevetisation, and achieved o tenaention evror of order
(Aayl, da Silva (1990) presented s Guite-dilforonee formmlation, which Tor the
suludion of (e stabilily of plane Potsentlle fow, was abile 1o appraach the aeei
racy af Orszag (197Ta) for the test case of o 2 T, Be 2 10000 ou plane Pobseaille
Bow, but wax only achivved by asing an extrowmely fine grid, lavge eompmtntioual
times, and exteapolation of the resnlts to zevo grid spacings. s oaneation ovpors
were of O(Aal), Recently Gustavsson (1991), investigating the enerny density
ol n disturbasiee in plone Polseuille Qow, nsed a shoting method. e futeprated
the Orr-Nomumerfeld oquation temparaliy using o foneth oxder Adas inglieit
arethod, aned was able to extetel the aceuraey of his caleulation to (A, He
tilised 432 nodes to solve the stability problem wsdng this exotie methodd,

Finiteadifferenee sehewes, while able to achieve good acenvuey whon fornmlited
with extrenw eare, nee (hus inbeeoutly Hmited in thea offleloney, ax evidewewsd
in the ealeulntion of feartli-ogder systen suel as e OreSoberfuld eeation,
As o vesulic of their ineilivioaey, they reguire Tage stotape space and wse of
powerful cotpating faeilitios toe achiove seentide vestbs, Again da Slva's rosults
hiphlight the lnitation of a finite-difforence wethod, Considering his analysis
[or the stability of plane Paisenille low [da Siiva (19900 « these tosnlis ave shows
e table 15.3)0 11 ix cleasly evident that the rate of coavergeuee of the moest
wirtable elgenvidine (o the exaet vadne ool an alpeboie natare. Ay igerease

"Phis Iv prelaldy an lastuniea) pre geetive « the fnite-diffornes patadignn possilly sloms
feotie the calenlis of Newton amed its mothod of derivation (the limit of o devivative is o diflo-
onneede I0 glabal analytieal wethods peel as the coneeptually shaple aperational Tan appooaeds
Iind heen aelupted earky on by enpiaeers sue sthee applicd matlematiciang, e Oe ensae of
wste” bt rilmtec] t the Buiteadifforenee mothod . aiglt he seen to besomswlit of b exapeerdion.
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For instauee, comajder apnin the onesdimensienad prid shown fu figoe 11,10 Let
the yepresentation of an nukanown faretion =(e) on this peid be given by a disear
cyuntion ¢ & = 4 with one af the oedary conditions belup of siapke Divieldel
form, specifieally s(rq) <2 1, For the finitesdilference formmlation, the eguation
wontld be replaced by its nistelx form snalogue <@ o eowhove © s row veetor of
the N uubmown alues 5 al the podes oy, e s delined as e 00 -2 00] wund
7 i an N w N mambds?, The bowndars condition would he :m]m.\-ml direrly by
replielng the Hest colum of the operator ¢ by the colnm veetor §L 00 . po]?
ane the first entey of ¢ by L More complicated] (Nesssnn, Robind bouadaey
couditiolx eatt be assorted fu similar, bt possibly iore diflienh wiys,

11.2.2 Solution procedure

Mot Frmal operators on i diseretised Fanetion v be eepresentd in madris
foruy, aned the principle is analogens for all fonus of finiteaditfrence disered s
tion, The sohation to the problean §s o Ly sobving the syste that yesalis,
aof the fonn

ApttBy - il 4 A, O (11

for the nuknown M, The honndary condittons wonld have beetr anpiented to
the operators o4y, B prior to (his fn order to satisly the given constraduts,

In the shapler approaches, the teft hand side of (11.2) is coustrneted so thist 4
B soparable, ane the system reduees o 1he forn A4 2 B, which can be solved
oxplicitly for 3 bw the inversion of 21 For the wmore gewevstl e, dependent wpon
the cotaplegity of diseyetised systent, dingonalisation or itepation s seeessiyl
wiyn ol solving Tor the nuknown valnes,

Mot ludte-differenee appronclies are never explieitly fornulated g o watris
fortn Luk aee rather solved on w pevapode basis, Tt i Gidde elaneotary to show
that any sueh approsch can be vestruetared ina wateis operstor ot Tn et
all the aoneriend wethods odlined s this elwgrer resslt o the solntion of o
system ddentieal to eqution (1120 Fhe solution of suel systems is i the
vealig oF walvix algebri, amd will uat be taley avy further leve,

11.2,3  Convergence & accuracy

The eouverpent behaviowr of agy fndtesdifferener approuel v tudidnentally
Huked o the diserotisation provess itsoll, Fisdreadilforenee wethods ean be said
ta yiekl unl\' finite-order acenraey® fOpag (187 100] T that the ervors fuvobved

SE T

.. ‘if I.“ o - llwu 1l-¢ {inite- I.h“l'l'l‘llll' b £ worthd T the wakiz 12,10,
bl t'umuuumlll\' ul all the nmeerical mwtbasby i discussed iwosection 11
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Fipmve 11.1: A tepical omeedimesdunal Hiniteadifference prid,

Bue. TF tliese valnes ave represontord as wovoetar 3 -2 [ng wy <o ax 2 o 1k
theu the devivatdve 5% on thisdemain is shuply reprosented by o matris opeator
on I we LU0 - H 1 where I} for nosecond oxder sehome s the teltagonal
mtrix of order N 0 N piven as

o ‘...2 .:,,l - (I "
20 -l
1 0 =l
1 1 0
IJ R "33-'-11. : Y “ l H . (llol)
1 0 =i
1 2
[ o P2

If thes nodal values yepresent o vicithon i two-dimeusiona] domwad, thess 8 i
a anantris, and diferend intiog with respoct to the two ndependent space vivialidos
is hplemented by a pres ar postftiplication moteis opeeator,. For jostanes

the mived Hest dedvative with respoet 100 sl g s ;,-';,;,;H DN,

11.2,1 Boundary conditions

Bouudavy vonitions of any cotplexity do not svail thenmelves to any auiform
teentaions althomgd these metiods allow o prear deal of Bexibilite i their iugple-
meutation. Theso conditions mre waally ouhedded a0 the operator matvices at
the boundaries, ar apgain, viviual wodes ondasdide the solwtlou dowssin sre eagloyed
to enstive covtain relations at the bowdary elewent: aee wet,
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Diveet tiebulenee wodelling has been earried ont for cortadn systons sneh as
curved elianuel How [Moser & Moin (1957)), A systematic juvestigution into
turhulence in nsimple boundary aver s heew condueted by Spalart & Leonagd
(18853, Sinmlations for isotropie trlmlenee have heey produced by Brlobachor
of o (3987}, where the high neenracy and spatial resshition of the approach ix
iload if compmter solution thnes ave not ta be too (rohibitive, The detailed work
by Camtto of @l (1984) provides a pood snmmary of the aurent state of allairs
in thix aven,

An alteruative spproach to the same methods as o’ we lias been followed by
Ortiz and his sehoad [inter elie Ovtiz (1968), Ortiz & Samara (1081, 216883), Lin
dz Ortiz {1082, 108G, 1987)] lor some time, ‘Phiv approach, which is termed
aperaFionad by Ovtis, rosudls in ddentieal fornmlations to the Tan wethod in its
were conventiotnl pulse, but veatly side-steps the MWR mathematios conven-
tionally teeed I deviving the watriees, s method could be saiely termed o
philosoply, in that its formalised systematic sppranch Towds understanding to
the Hutteadiffosonce amd enlloeation methods as well, It s thiv method which
will e the stbjoct of w detudled deseription fn chapter 13 The dillerent classes
uf mumerieal method are diseussed du detadl in the soctions that follow,

11.2 The finite-difference approach

Ax stated above, the finfte-differoiee methed sinndates o differential equatien
Dy vepreseuting it ub diserote peduts In the solntion space, Devivatives mud othor
funetional operators within the equation ave vopresented s relntionnt aperators
hetween the diserste values; for justanee, (e dexieative :}}H I replaeed by s
dineretised oporatar, (FPW, the ath derlvatlve opoeator of order p at node 1,

The difereat elasses of mothod see classgllod aceording to the choiee of the Gues
Hou (fM Thus o seeondeurcor finitowdifforonce disepotisation of the opeeator
:rg: wotld e [ffl)]w-‘ = g&;(fg;l = fi e} Dovivatives ot the Bantudarios are pe-
placetl hy skewed ot onesidel differenees, oy extrapolation is made to ‘virtoal'
serclos onptsicde thie bomdagy in oedoey to ettor peprsent the boundary variation,
Plrure 11,1 shiows a typleal one diteeusional Huite-diforence prid, with the cons
tHitons fimetlon F{e) shown as aoselid line, and the sode poluis shown as solid
eireles,

Finiteadillerence systems are peghaps the most intnitive of alb ymnerieal methe
ads, The effeet of, for instance, differentinifon i inplentented exactly as would
hie antivipnted  the derividive at o point is caleulated simply by fooking st the
lnend slopse, or diflerenee in Leight betweon two loeal nodes. The figare shows Uhe
fplementation of the doble gided dillerence st node #4008 an estinte of the
dervitive there, The elleed of diffeventlution on the nodal values ean perlags e
b o pepresented it mateix fornn Cousdder a one-dbueistonal domain ke Ul
showy In Bgwre 101 with the fanetion given as values ot N poeints along this
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Stubliity of fluws to lnear disturbaness, and the salution of the cigenvalue prob-
fom resulting therefrom, have been the sulject of wany spectral approachos,
Grasel & Salwen (1968) investipnted the stability of various elasses of fow
usiigg expansions i orthogonad Chandrasekhar-Iedd fusetions [Chandraselthar
(1961)]. However, their results ditd not show spectral aceuraey due to these
funetions’ peenlinr mxl bolavieur. Duvey & Drin (1969} also fncorrectly used
. Beswed funetion type oxpansion in the beliof that orthoponal fenetions close to
the strueture of the efgeavalue problew Bself wonld yiekt optinnm resalss, Their
resitlts didl nat show speetrad convergence for similar veasons, Orszag, (1971a)
wits the fivst to develop a Chebyshev-Tao method for the Ore-Sonunerfeld eqna-
tion, aml his solntion has stoed ax the definitive Lenclimark for plane-Poiseni]le
flow, 1le outlined reasons why the previews anthors’ results were not acearate,
1Ie alko grve the fornmlation for pipe-DPoiseuille dow although it ix possible that
this 1s flawod®,

Moro reveat work on the tople of stability includes o study by Selouid & {lens
ningson (1994), who lavestipated the cuerpy density prowtly of disturbanees
in Hagen-Poiseuille flow using a colloeation approach, They obtadned textea’
cipeavalies for the axisvinimetrie ease of pipeDoisouille low, which may be wl-
tribatable to theiy g e [l non-axisynunetede systent to solve the singpler
axigymmetrie relation, Alibot & Mows (1991} obtained peeurate stability eurves
for pipe fulet flow wstog n modilied operational Tau-Chebyshey method, Their
resudty apreed substuutially with the aceurate study of Garg (1981), reveallng o
svstentitde ervor fn the Bulto-dilference formubakion of da Siken (1980}, In pavtie-
nlae, stability results were oblained for profiles close to the inlet, and (he most
dowustremn nustahle profile woy detersained (o have a evitien] Reynolds munler
of gver 00 Q00. The geueration of vesults in hotl these Jmits (Pin boundory
loyver aud hiigh Re) veyuived the extremoly bigh ofiiciency of the spectral method
for their aeeuracy,

Spatial stability fu a shndlar howwduey-lover Jins heen Divestigntod usdug Choly-
sliey mothods by Bridpes & Movels (9800, 1084D), Vou Koerezok (1582) stndiod
the stibility of oseliatory Qow uslng A ChelpshevaThao method and thie Floguet
thooty,

Pl diveet shmulation of Roite-amplitude distarbatees and other transition phes
notnena nsing speetral methods kas beess well addressed [Orszag & Kells (1980),
Batorn & Ouazzngs (1981}, Ovszag & Patoeris {181), Herbort (10830, 18X3h, 1881,
1985), Aalik & TDusswiud (1090), Kleiser & Zang (1991 Swdham & Klekser
{1892)]. In partieular the hist authors were bl to anecessfully model bowwd-
ary layver fransition phenomens from the linear stape and T-8 wives, 1rongh
not-linear A vortex interactiong, a}l the way to the onset of actual tuehulones,

1o eureent restareh bis shown that the Chebveliew=Tas approach is very sonsitive (o the
inclusion of singularitiex i vhe donain. The Sesl egnation applivible w pipe stabilite his o
repudar singuine poind at the origin, It is snawen o chaptir 17 thst the Sex) eqnation must le
transforined in arder 1o rrmove this singadieity hefore spreteal conveyggenee can be poacatesd,
Tt ix net eloar Tram his derividion whether Orsaug did emiove the siapulagity asadytically.
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viploys many simple elements to vopresent the solution, the furmer uses fow
{or one) for the entive diserete domaiu aud ensares an acenrate sepresentation
Ly dranmtieally increasiug the erder of the intorpolating function within this
domain, Bases of orthogonal functious xnitable for this approach are trigouo-
wetrle {Fourler) or classes of octhogonal polynowinds sueh ns the Legondre or
Chobysliev polynomials!,

Au alternative way of lookiug at the spoctral mothods is to consider then as
doaling with values at diserote polwts (the coeflicionts) wnel like the finite
differenee approacts, but in a trastorwed domain,  The operators ave, in a
similar way to [inite-dilference opeeators on the phvsical dowaiu, of a siinple and
loeal Jorm in the trausformed lomain, The cocllicients topresent i continnons
funetion in the real domain, ad the link between domaing 8 nanally via o
Fourier or related teansfornt, In fact a el of speetral methods, 1he colloeation
methods, is implemented at specially plaved wnte points fn the physieal domain
= peh Jike n Guitedilference method - Lbat the differeutial operatons are actusfly
the apertral oues teansformed hack to the pliysical domain,

11.1 Historical developmeoent

Larly work on the solution of ditferential equations nsing o speetral approach
wis initially by Shater (1084), Kantorovie (1931), and tlien by Feazer ¢f wl{1947).
“These authors b used o calloeation approach, with the lattor devistng i gonoral
sehieme for the sohution of ordinaey dleventinl eqnntions, Lanezos {38} was
the first to fovmalise the colloeatfon mebod, by establishing o regular frames
work by which to corveetly ascortalit choiee of trind Fuetions awd collocation
polutg, The inethod has hevome popular beeawe of ii9 ease of application to
vavinble-cooffieiont wul nov-linear problems, It is also known as the psendo-
speefral method after Ovseag (1972), Galerkin fornlations for Hie solation of
partial differentind equations were initinby attemptod by Silleeman (19454), Dat
Orazag (1070) was the list to prodnee & pracieal method of application of sueh
methods, by doviviug mothods for the convoletion suas that avjse in the ap-
plieation of this approach {0 no-loear ters, Orszag (1971, 1971, 19710)
deronsteated the applivation of {hese methads within shaple Low bondntdes,
These reforences contain detailed ajseussion on the neenracy and mutliemntioal
praperties of the Galeelin approach, Lancios (1038) wan the firdd to fovmlate
the Tan method, Fox [see Fox (19621, Fox & Parker (106%)] hrought o system-
atie treatment to the priveiple of the applieation of the Tan coolliclents, Orszng
(1871u} usedd this method to great effeet in soleing the OeeSounnerfeld equn-
tion for plane-Powendlle Gow, attaining the st anthoritative wininmog evitiea)
Revualds ymnhor of 5§ 773,28

L

L' [he lntter two aee Nlll‘i'-[ﬁl' exaigies of seis of polynotaly gonerated ax thie eienfioetions
of stuggulae StarmeLivuvilie problems [ser Caoitte ré ol (T988)] - sy set of eigeninetiong from
snch o prolilem wauld serve as nn acceptahle o hogonal lusiv foc a spectest spproach.



Chapter 11

Numerical methods

The solution of differential equations s tecessary i order to siudale events
of interest ocenreing in the ontside world, All wetlods of solution of the gov.
orning cepations in Buid dynemics have in common that they try (o represent
(rontimonn) varlutions in propevties in o findte, diseretised domain aceuraiely
enough to eusure that the finite representation smulabes enongh fatures of the
read domain to be useful, The sense of the word asefal iay have varions levels
of connotation, from the scheme merely depleting the conrse fatares of the low
mucher investigation, to aceneately vepresenting wany levels of the real flow's
junste hehaviour,

The current study i eancerned with sectizate solutions to the equetions from
cliapter 1th o thiz end, this chaptor will diseuss the merits of various muneri
eal approschies, and then outline an applicable method which is both extremely
siimple to luplement aud highly acenrate for their solution, All sumerieal ap-
progches attomgst to represent a comtiuum fHuld varintion in & diseretised do-
muin, It is the clieice of domain that distingnishes the various elasses of solntion,
The methods enn be divided into browt eategories, The Gest set of 1echnigues
ean Lo clnssed wador the heading fnileedifference, As thelr sume Implios, they
vopresent the hetlonal vadwes at diserete polls fu o domabn, aud the difleren-
tinl operators by difference formuine loeplly hotween the nodes in this dowsadu,
The secoud goneral group ean be clussiliod ns the Aethod of Weighted Resido-
als or MWR, Withis the MWR are two further eatepories: the Fivite-clemoent
wetlioels and the Fourier ar Speetral methods. “The fisst of these approaches
divides the solution space fito discrete sub-domains or clenwads, awl in cach
clement ropresents the cantinuous funetion iy low ovder orihogonal linear [une-
tols {or instanee polyionizl or trigonometvie) with sukuowen coellicients, They
vithies of these coeflivivuts for eacli elanent is calenlived by assorting that soue
resichonl or error condbion with respoeet to o suitable weiplt 35 minindssl loe
eachh eloent, The continmity hetween elements i enforeed by onsueing (st
the solutions eonform on the bomudarios between the elements. The Vongler
ar speettal approach is similar in spivit to the MWR, It whersas the laster

a2
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10.5 Swmmary

The oquatlons applicable for pipe How underpoing general aceclorations were
detived from the axbsyinuetric Navier-Stokes equations.  In particalar a uew
parmmeter §2 esnerged feow Ehe derivation whieh deseribed the acceleration, Aes
eelorating pipe entranee flows wore thus shown to be deseribed by two pariug-
elors: the Reynolds munber, and the aceelornton parmneter, This parametoer
wis hlentical to Shew's (18961) eriterion {or hstability. and 1o the paraeter
o determined Dy Moss (1991} for Tamina flow developiwent between paralled
plittes,

Varions levels of approximation woere mde 1o the derbved equations,  Consid-
eration of the high Revpolds wiuber Jimit vesolted i the elimination of the
Reyuolds mamber, anslogous to the manner in which da dilva {198 disvegareded
{hie He torm in his vortielty-transport formulation of the steady relations. The
e of o pressure-integral formnlation allowed the prossure 1eem 1o e oliminted
fornadly fu this high e lwit,

A linear stphility derivation for the geaerally acceleratiug axisynunet rie system
was conducted, vielling a stability equation that contained the stewdy Sexl
relation ax n gero-neveloration limit, It was shown to he an applieable to the
aceelevating pipe entrance llow as i the steady Sexl relation to the steady pipe
crtraner,

This ends the formal decivation of the applicable llow squntions, The foll w0
chaptors are devoted to the developient and verification of a mnerieal - .

of solution, The solution of the hase How and stubility squations are thus et
untit chaptors 15 and £7, whore soine of the concopts introdneed here will linally
hoerome cleat,
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(10.26) and {10.27) instead of the nsnal Navier-Stokes relations (14.8).
(10,9}, (10.10). As was shown in chapter 10, the renorvmalised volations
were dogived with no restrictive assunptions as to the nature of the pipe
flaw further thay incongpressibility, axisymmeiry and comstant fluid prop.
orties, Thus thoy nve applicable for an axisynpuetvic stability derivation,

(11} The derived stability cquation is formally applicable only to pavallel Hows
that salisfy the requirement (10,39), that is flows that vaey ax a(ed) =
RUrYP(E). 1t 3% tlms the siseows cquivalont of Shen's (1861) velation, How-
pver, it is approximately valid over a far broader range of flows, as will bo
explained in the point helow,

(iii} The stability equation ean be applied approximately to the non-parallel
flows aecurring in the entrauce region of an aceelerating pipe flow, in as
imeh ax the steady anslysis ean be appled approgimately to the veloeity
profiles within the new-paraliel region of steady pipe flow, This cuan be
argnod by consfderiug the belivionr of the exponentially aceelerating fow
fraam the perspertive of (e renonuntized lunework., Au exponential pipe
eatvance ow will, alter safficient time, veach o point of stoady stare?
heliviour @ the resormalised spstem. This steady state How field will be
shown in a later chapter to po.vess Lhe saime ovder of non-parallelism as
its steady counterpart. Sinee the stability derivation was performed fu the
teunarialised Gaimework, the cuerent stability equation i as valid as the
Sox! equation i valid for steady entranee [lows,

[iv) As o generalisntion of tie ahove point, the eurrent analysis s valid 1o the
snme exteul as the parallel one s, i the respeeuve ke fows to which
they apply show the snme amount of deviation from the set preconditions,
a long as that deviation of tHie aceelerating ease is comparved feom within
the vestormaltsed framework,

There i el precedont for appliention of the steady linonr nalysis within the
stendy pipe fulety fov instanes, Iuang & Shen (19740, 1), Moss & da Silva {19933,
da Silva & Moss (1004). Abbot & Moss (1094}, Tu pactenlar ehe bast paper
formally showed that non-parallel effeets wore insiguilieant, Thass Lhe unsteady
analysis i ag applicable to the nusteady pipe eutrance as the steady one is to thoe
steady enteance, beeanse thiv unsteady base fow i o reality completely steady
aued sfli * mraliel ow the perspeetive of the renorimalised variablos,

The above 1% hoeowe more ovident i ones predisposition to relate eveyts
to the physical systom Is aveided. The bost wuy 1o pereelve the aeeelorating
gystent - hoth Hase dow and stability < s to consider it as veally ocenrdng within
e renoralised famework, nud that all the unsteadiness is simply associated
with the varinble prajeetion hetseeen it and the plivsical systeas,

“This witl be shown properly when the aumenical base flow resaits are prosonted laer, Yor
now this must rouain an asswmption, ntthough an obviouk one, Beennse the accolerative bine
fluw pusserses comstant boundary voteditions aud eonstioe forcitg terms Tor expooential Gow,
imnlving & constant liniting hedswviour fur lirge times,
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The spatial wavenumber e appears iu equation (10.58) closely related to the
Reynolds number tevins, To slplify the equation even firthey, this wavenninber
van e pormalised wsing the Revnolds mmber as

n
fi == e, 10.54)

i {
The new definition of (he wavenunber 5 o f. - - of Be and thias has tioe
tdependence. This however does not lead Lo any ke s oueradify i the stabidlity
syston, beentse all differentintion was corvieq - L. oudy the constant o

progett. Egquation (10.51) is suply s convenient eedefinition.

Using {10,541}, the squation (10.53) can readily be teansformed (o o form that
i an extetwion to Sex)s stability egnation, but applieable to accelerating {lows:

- e .

‘-J-;T {(L - u'g) 4 SIL] grez {f ~ e} [L - n“’] o {1 o {10.55)
For flows with cousthut wmean flow eate, the aceeleration parameter 82 is voro,
Ut ceuation (10.55) i identical to the Sex] equation in this Hit.

The houndary comditious applicable fo the steady Sext eguation ave nlso valid
here, “These ave [see Drazin & Leid (1981)]

%l;:({n _
_:-‘(,a,.(u] = 0,

#(1) = 0, (10.56)
de(l) = O

The conditlons at the pipe wall (7 = 1) are stralghtforward, A with the stondy
systont, the controlbte consteaints asseet the tndquettoss of the solntlon at thiv
singular point,

1G.4.4  Applicability and limitations

The above derivation is nevel and Joads o <ome interesting insights. A nnber
of issues ueeld (o boe addressed 1o elavily e validity amd pogee of applicability
af the derlved equation:

(i) The devivation bs identicad in method ta any classical approach to linear
stabiliey. Tt clilTers fu its e ol the renormadized hasie squations (10,25),
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i tley a refation eeprivalent to cepiation (120.1) {u # ix obtained accordiug 1o
o(r) = & ¥, {1an
where o iw the caolliefent  -vor in the canoieal basis, Kguation (127 s termed
the eapuiieal polynowmial vepreseatation of the funetion §(rh
There s now cqnadion (12.9) representivg a transtoruation from the orthoonal
to the canonieal basis. and egpadion {126) dewsting (he relition Hetween the
roctiicionts in both Lases, Thus the representation of &{r) van he equivadently
associatod with hoth equations (12.1) and (10.7).
The matriess mind vertors in the above analysis ave indinite, hocause the sorjos ex-
pausion eoadation (12.1) i« infuite, Obviously sueh matviees cannot be tyeatod
mnevleally, amd meats of deading with a traneated system wilk he disenssed
Inter, Basically, truneation at i cortadn order yield an spprosioate series witls
the smue order, 'Fhe juliniteness of the operators j not a problen when pey-

{oring woalytic apetations, e stauce as perforied above Lo egiiions (12.1)
to (12,70, hence detailed disewssion of tenneation will be veservand for Tator,

12,2 Operators

12.2.1 Diiferentiation & polynomial pre-multiplication

The offeet of shaple aperstious on (e soples reproseutid lon of Gfr) will sow lie
exaiined, Consider a goneral Hiear oporator 7 amto o of Hie ke

Tanlr) o [!m;;i’:‘] o). o A (12.8)

Tor any piven o o dn Z, the funetional D is & wewlior of e peueral sel of
cfferontial oporadors € with polyuominl cocllicionts,  Momnbers of & can e
yepresentod fun the conowdeal basis as

Tfe) = dDe = ag e (1am
where the mateices o aud peare of partienlnly sinple fora, namely

[" o140

{Bh1m
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whorp
¢z rg g vg o] (1N

v the suitable lineardy independent polyuomial basis orthogonal ou the voge
[0, 1} with respeet to a snitable weighting Tnetion?; aned

B [ty by« ] (12.3)

ix the veetor of mhnown expausion coellivients, The eetonival basis s delined
as the vector

Fazflerd ot {12.4)

Beeause the dements of (138 are polvamoial, the basls e cau be delined in
torms of the canonieal busds (1234) Ly a bower triagpubar mateix operatar 17 such
that

0o 1.'1-; . (1215}

The elequents ju the i'th vow of V7 nre simply the cootiielonts of the polynomial
reprosoentation uf @ | - the basls fanction of opder 7 = 1 - taken fn oeder Trow
lowest to highest power; that s, 8 ey ¢ =2 g o or doagr® b oo ot
i the polvuotainl representation of g, then the th vow o 17§ shuply
lao w1 wareraig 0 0] IF the basis ¢ ix lnearly ndependeut, then 17 s
invertible, and ¥ theay deflnes o anigue mapping betwory the cauonicad ik ove
Hiopotn] hiise Depeudent on the busis himetlons nsed, the relevant form of 1
cabs be construeted, Dut for now, ¥ ix boft yuspoeified,

Thus it ix posaible to reformudate a{r) lu the eanoufen] basds @ ag air) - (?: 17y
I the anbstimion

= (1) (12.6)

Phere 3w I vt sooneed for e bisds ta be ortliggonal on the rauge; it 5om i thst tie
lasin fonetions be Huearly juelepondeat. Tlhe opesitional appronel will « for aby pasonible
polynmndl lasts = cosore widfortn vomvergeaee e the exaee el wol in the waaal Jease-
seres sensy It rather ina point-wdie manner. The operational wethord is thus eanpletely
ilependent of the convtesinty of the MWER; lowever, [or tle Chelvshey polyieanialy, the
nperational appronch prodnees ai eoquivadnt gt Fomdation to ae mere wmal MWIR
ujy omsuly,
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wses o malrix-operator of operalional approach 1o the Tau method, which is
fititive and simple (o impletiont . This method by it shnplicity allows a ready
wncderstanding, of we Lo wetlenl, by svoiding the MWR ype of explanadion
altopether, Howevey, the basie lorm of the operationnd approach ay impalonented
by Ortiz s Hwitabons, Testhy, it has only been wsed B addpeas Tan sesteqns,
vvent thowgh s range of applieation i fay broader, and seeondly, it is severely
limited in terms of the ovder te which solutions ey be obtadned, amd by ine
forenre s thius vestrietwd to simpler probloms where acetracy van e obtained
al low order, These limitations are Jortunately nat inaate, winl this chaptey
extetils 1he operational philosaphy? i two wavs, Piisthy, in the cobtext of (he
Tan method, the order depewdent Hinitation s removed, allowing application
to dillienlt probletss, Seeonddly, the eollocation approach i implensented o oan
aperational sense, and its close relationship with e " and other methods s
slwwen,

Thix chapreer contains ouly a deseripting of the hasde prineiples of the e lud,
wlong with it varions catupouents, It presents ooset of Moals’s (e use of which
wie demostrated By subsegient chapters, Tu chapter 13 which follows, thee
problems wre solved wsing the operational "Tau approach: 2 diflerential elpeu-
vilue probilem, the Oer-Sonanerlelt oguation; a shaple nitia-vitdue saolian, the
{emporal developmend of pipe flow e lrom the inlet; ael o von-luear ovdivoy
differential eqiation, the Blasius equation, The collocation diseretisation is ased
in clinpier 14 to diserotise (the axinl coordinate oy the general pipe entranee
wodel,

12.1 Notational description

Tor the suke of shnplivitys thix neseription contres arotud the detenninntion ol o
ntiknown fuethw o o G{r) on the nterval {0,011 The reason for this inderval,
tather thau the wsaal » ¢ [=1,1] applicable 1o the Chelwshey or Lependre
polynmuinls, & Hwd the fornwer s the raape of (he vadlal co-ordinate o pipe
Mowes (poriualived with vespeet (o vadins), Oualy a siuple algebeaic wapping is
noetfed to projoet the latter terval onto e forier. In Get the Clhebeshey
polvuonials of the secoml kind, 7* {Uox & Purler (1K) wee shaply Uie normal
€ holyshov relutions projected onto e saallor wanpe. Thas there already are
atalvtie rolations defined Jor eese Tancetious, waking (he devividfon easior, The
deponddent variahle Gr) in the compact interval [0,1] is replaced by an inlingie
series expatsion Inw loearly edepeudent polyuomisl basise Ax was explained
in seetion 115304 s long as the wetion N swooth, wuel the busis Detions
are eorreeily chosen, then the serios exsinsion will converpe wuiforaly (o the
futeetion, lu veetor nefation, suelt a sovies oxpatsion can be represented as

N 4
ey e, {121}
e term .1{i1iill;-;!1i1l}‘ i el Tietannes 1hies appriach s de Droader than et et
represend s i wliole way of thinking,.
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The operational philosophy

T'hix chiaprter disevinses the degivadion of the operatfomal ‘Tan s b, il rnting,
ita advantages over the standand Tan approseh. Daprovements (o the operas
tionad methol of Ortiz [Ortiz & Saunra (1981, 1983)] are shown which rewwve
ibs updep-based yestriction, esalting in o awswerical approach which s ay puow-
erful as the stantdard Tan wethodology, bt which & steaiphtforward to use, It
also shows how the collovation apprasch can be teeated in o aniforin wanner
uxing the sperational philsaphy, and gives the interrelationship between the
two tethicds

The basde prineiple of the applention of the e and other speetral methmls
to the soluthon of diiferential vqnations i very simple. A hinh opder hosetionand
sories i used as an approxiwation to the soludion of the equation, and differ-
ofttiation wmd other eperations ape Jmplennied as analytie aperations on tht
serfes, Unfortumntely the MWR notation ouly serves 1o obseure (s simple {net,
il the methods are (s avoided By wany beeanse of the pereeived diffienliy
of their fpletentidion. A pood illustration of this prablem with (he stan-
danad T niethod Is shows in itk applieatfon to the Qre-Sommerield eguation by
Owszng (19710). While the vesubts he abtained for this proldent were excemdingly
aceurite, hix notadion is obscetre, and to the vninitisied tue sfmgaliciey of the
wndlertyiug wiethad i completely hidden. This s tesnBed i many vesearehors
using inappropriate teclmbgques for far of not understandig the 'dilliente’ spees
tral method, "This was diseussed i the previons eliapter, and the quate Tknu
Miwlowe (K1) on pape 224 still deseytbes the peneral attitiele towards these
mothods,

spectvd wethods ave S Jaegely wsed by appliod matlematicians, amd as o
resatdt (e Torwmal notation caploysd by them s genorally insccessitile to supe
neers gl sher sefontdstx, For instnues, the camprebetsive siamary of spectral
med Lels piven by Caunte of e (198%) while anthoritative, does nothing, to pop
ularise (he wethod, Tu comtrazt te the warmnl approach, that of Oxtiz [QOrtiz
N Saunra (LIN1, U3, Lin & Ovtiz (1982, 1986, FINT)] is wnssuad in Ut it

RA
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11.5 Suminary

The varinw types of munerical methods of solution to Jillerential squations i
general were presemted, and the vavious merits and disidvintapes wore diseussed,
All methods wore showy to possoss i Dasie cotumonality, an issue asnafly avoidod
I the Gtepature, Iove o distinetion was mucde hetweon the diserotisation atd
the mnnerical solution of these systews,

The spectral approach showel itsell 1o be the nost acearate of the methods
tlosieribod, making it the elwioux choive for acvurate solution of the squations
develuped earhier, Tn the following chapter, the Tan approach of Ortiz [Ortiz
(1969, Ortiz & Swwara (1881, 1983}, Lin & Ortiz {1982, 1986, 1987)) i medified
and improvest, and it advantages ace demonstrated,
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‘The separation of the solution process inte lwa stages 3s conauon to all the cat-
egories of mumetieal wethod, Thas the eategovisation of da Silvia (1880 « where
he distingnishes speetyal, initial value, and finit e-difference methods as separate
bt egaal entitios = I8 flawed, In reality speetral awed finftesdifference methods
deserihe the method of dieretiselion {(Hterally, making diseyete), wheevas to
initial value approach s Just oue iwenns of solution of the remlting watiix syv-
tonn, Auother equably valid means of solving both spoetrnd and iinite-diffosence
systems wonkt be a diveet approach, sueh as the Q- or Q-4 alpurithm,

The coufusion arvises out the methods commedy eploved for the constene-
tion of the manerieal system within the computer. Traditionally, nite-diflorence
sehoines deal diveetly with the interaetion botworn nodul values, For instiaeo, o
eomputer plgorithm will wanadly caleulate the derleative of the nodal valtes on o
pee-point hasls, even though the entive operation is representable using the e
1tix notation. While the madrix natnee of seue of the proofs amd constractjons
used ju spectral metliods might ve their osers Insights Dato this prineipal of
conunounlity, Hie pereeived undque and obseure sature of these wmoethods to the
rommon munericlst resmlts inan ougoing, wivisdersticding of their siuplicity

Olwiousty the aceurney of the ditferet wethods is profoundly reluted o the type
ol diveretisation, While dilloeent appranches might be combining and wwaipu-
lnting winerices in the sawe way, the actual anmbers 1o the respeetive matrices
hag a vast eflfect on the resubting solution, With regurd to weenrately vopre-
senring a simooth diflerential systowy, the specteal methods ave shaply fn wore
efflciont than the Mnite-differenee approaches. This is achioved by judiclous
choive of interpolating fancetion or placement of grid points, ad use of neenrale
operator natvivos. The analogy I8 the snmse here as between the convergones
of, for stanee, a Taylor seviex au apposed Lo o Fourier series, While both tnay
he ovaluated to the suue pumber of terms, Hie latter is far more ellicient at
de eviidug the vavintiou of u fnuetion while using many fower doproes of freedom
then the former,

Iu kowe threeadimmsiouial sestoms, fm fustanee the direet selution of the !l
Navier-Stokes oquations, the unkiowns uswadly form n ende of munbers, and
single (e, twosdinwsional) inatris alpelra does uot apply divectly, However
the wrgmnent I 81l completely valid, Auy form of diseretisation will yesnlt in
the smne form ol diserote talthongh not tmatris) svstew to be solved,
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feal values of the appresimated fauetlon at positions in the solution domain,
In the Fourier [ype systewss (nite-eloment, Tan, ete,) these diserete vadnes are
more abstract eutitios, Hore they ave the cocilictents of an interpolating series,
for instanee 1 Vowrier or polvnomial serics. In either case, in the eompuler top-
resentation of these unkuowns Is in the forn of an arcay of nmbes or matris,

Oporations in the dilferontial copations, for instancee differentistion or nodtipli-
cation, ate ropresented shuply as operations of these npkaown valoes, These
operations can be deseribied using the viel langiage of the mateix alpebea, K&
{oetively the commonality between all the metheds is the commnon usage of
mistrix manipulntion {o selve the resalting alpebriie systomg, There ave various
kimtls of analytic oquation; hroadly speakimg, inftdal valne, houtedary value and
churnetaristio value (eipenvalue) systoms, The nature of each 1ype of systewn is
the only fnctor that effeets the steneture of the resubing vunerical systemn, tal
the nameriead wethod emploved. Yor igstanee a dilferential eigeuvalue proble
wortl] resudt in the solation of 1he dsevele sesteow

A= A, (1.1

where A is the chiarncterisCe vidue, @ s the cigenveetor, and the matvices A and
B vary accarding to the numerieal formulation weed. "The size of the watvices
determines the ordey of sobition,

All ntmerieat methods of fermalation on an ddentfeal nualytie sigenvalue peabs
lemn will lead to o matrix fornnintion {dentieal to {11,100 above, In some cases
tuds may be explicie {le. the nunerienl system that is sobved §s (11.10)], while
other wethods of selution might implicitly veformulate thiv eguition into an-
ather form that allows simpler selution, The sliooting method emplovsd by Ng
& Reiel {1979 or Goesting (1980, TH87) i no more than this vguntion reartangod
s ay lnitinkvalne problem, The shootiug method ik s not speeilie to the (-
utte difforonce (or other) method, rather it i stoply o paetiendne way of solving
the tatrdx problem, The separvation of the waneriea] formubiation andd solntion
j shown in Hgare 11,2 bolow,

Problem Nseretisntion Numerlcal method Result
I ol solution
U Finha-difference 3
: . Illlﬁn! value

LI

Amlm" ¢ Firfloeclomem O omscmmmnim . o

dilferential . Algebaie { ?_n"l““‘“l‘"y ] Dlserots solution

cquation o Boundsrysvalug 1 matrlx iy ot space-noints,

e formwlation  Chrsotarlsia - ar as coeMclents

o ' (‘ullun‘minn 1 e (*~".“' 0 A wrsitiinn
N Tl.'l_l.! . voeles

¢ Pougier

Figure 152 The oeess of wnnerieal Tmnulation amd wineriead solntion,
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tore eomnman Stur-Liouville problems ave in fiuet polynontalks, Fxaphes of
siell polyuoinds are the Chehyshov and Lepewdee polyumaials, Both allow a
shuple extension of the helaviour of the Fourler sovies to nonsporiodie sisouth
funetions.

The use of any arbitenry set of orthoponal fmetlons will uot guarautee spee-
tral convergenee for any seuerad problems, Amongst others, Davey & Dieazin's
(1968) choice of basis fuactons was fnappropreiate wud did uot aflow spectral
convergence [Orszag (19710)]. Furthermove, the type of problemn to be modelled
st matel the method of solttion; for instanee, o Powrier expansiou is inelfoes
tive wheu used on 4 non-periodie proldem, ad afl speetral nthods’ convergent
beluvionr redures to alpelraie vear o tiseontinnity - due to the Gibbs phes
numenon [Caunto of of (1RK)] Thus, anlike a Bnifeedifference method which,
although fuacenrite, s penerally vobust, anabybic properties of the systom can
profoundly alfect o spectral nethod, ropdering it ue better than the forper in
acenracy,  owever, the class of sphutions songht me lemnpressible Buid fow
are peuernlly swooth, Therelove as long as due care 8 taken o their forunme.
Tation, spectrul wethbods or suech problewy ave usunlly styaight orward. The
argunent that the speetral method's diflientty i uplanestation shoudd sones
how be tracded for o Auite-difforence seleme'’s ease of luplementation [Maslowe
(1981}, da Silva (19903] is wholly without traith, Firstly, speeiral methods wre
not hard to fmplement™, and secondly, the lovel of acenracy nitainable from
A spretral ao, roach is so great” that saeh compatisons are vendered fnllacious,
However, injte«liffovence metheds axe still optinmn in certain clicses of systom
stie a shock-wave phenonena, wheve the discoutimities in the solution deain
rosader the spectral approwch non-optinal,

11.4 Commonality of solution procedurc

Traditloualiy, the diffovent wnoerieal sehools (Hube-eloment, fnitoaddilormies,
spocteal, eteg are presendod as bedyg vasay dispaoade in fovmulation erd nu-
merical solntion, While the conceptual formaulation of each molhiod might be
rather differont, the wunerieal =olation of the resulting remereal sgstem s
in each ense el the sae, This connnouadity is womdly hiddon behind the
nomenchlture (or in xome caxes jaegon) that cacll plillosophy wses,

Al nmumeriead methiods reguire the determination of a set of diserete unknowuy
In o finite difference or colloeation nethod, these nuknowns will be diveet plgs-

FThe operational Ty method, scphitined i seetlon 12, ix ns lknitive oy the Tudtesdifers oo
phifokopliy, and mwch casier to implement.

®lhe fnfinitesorder geenzacy attainable witls spretral methods allows one Lo solve cotliin
problems tn am ¥ el of weetriey egquived, Qioited by machine precision), For instanere, o
spowt el solution to, enr ordinary differential equition ean be wmde to approach the analhie
suintion to ay many sighificant figares ng i desived, By contralistinetiog, in o fogre-differenee
forrmulation, it ix not possilile to speeify some arbitrary procision azed (e skt i = e otdor
of th svatem neeessary $odo Whis wighd be s lirge as (o reder it impossilade withio w Tifetime!
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around the perlmeter, A general approach for the two ww.. asioual method of
solution is pontained in Canuto of al (1088)  This deseription shows Tow to
satisfy piveoawise contimous bowdary conditions aromud the perimeler, but s
very theoretical and rather dillienlt to comprohend, Dofrtunately they glve uo
example of the more general methocd,

The standied methwd of forulation for a Tan buplementation is to devolop
the spuations analy Heally, divectly from the MWTR condition equation (11.6).
This can Do todious for any but the simplese problems [the desteations of Ovseay
(1071a) ave a perfeet example of the mathematienl complicution hvobved), Bven
the eurrent meainestream thinking on thix matter jsee Caunto of af (1958)] is little
changed frotn the ovigiual approach of Lanzeos (1938) and the [ormalisims of
Fox & Parker [1068). An will bo shown later, there oxists an ingenfons alternate
metho! of devivation lor this approach which largely removes the mathematical
oblu. ation axsoeinted with the standard form above, 1t ix unfortuaate that
thy p recived mathematival complexition of the method lonve disconpgzed many
resvarchers from adopting this extremely sitaple yer highly acenrate approach.
For instanes Naslowe (1981) makoes the [ollowing stalomoent:

“Tliete ave same vather involved manipdations veeuived in the Chobpshev.
Tat moethod, so0 this methed shonkd only be used if proat aceurney

i voquived adfor high values of Re ave to be considered”, (italies
present author)

Statements suel as this ave highly dissunsive to new vesearchors in the fiold,

11.3.4  Accuracy

The neetrney atid convergenee of o well Formmlated sneetrad approach Is relabed
to the couvergent behaviour with order of an interpolating Fourler series (o o
staoth periodic fimetion, That i to say, i o Gietion e} i the sange ey
I periodie aud hdinitely difllovem inhile with respeet 1o 2y ther the j-Uh Fourier
coc{licient of this Imetion's Fonrier sovlos will deeay Twdor than any power of §
free Qzag (19710), and the corollary fn Canwto of of (1988), p36), Thus the
Vourfer sevies to a{), tenneated wt opder N will couverge politewise to the
{unction nle) at u rate preator thn any power of &, Thiv Lebwvionr 14 what is
teemed snfindte onder neearaey Ly Ovsang (10710),

‘The cotverpence of & Fourior serios to u wot-peviodie smooth fanetion et
however be punttesd (o be of infinite-order at the owd poluts, This is bos
canse Lhe synametry enthedded i Uie Fouvier serles does not allow for different
eid vitdnes in the rame. However, covtain classes of orthogonal polynoudals
when taed an o juterpolating series for a wowspevlocdie, Tnte smoath fanetion,
whl guarantes speetosl aeenvacy ae matber what the end conditions, A siugnlay
StuwreLdouville upesator cot serve ws n generstor of sueh Tmetious - its elpgens
values will serve a8 suitable eapdidates,  Moreover, Hhe elpenliauetions of the
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11,3.3 Tau

The Taw approach 15 simitar to the Galerkin method, but here the teial and test
functions need uot be identical, The test fanetions do not vecossarily satisly the
bonndary cotditfouy, aud the auxiliaey conditions must be applied separately.

In order to incorporate the boundary relations, sotme of the higher order inner
equations ave dropped in thelr favour. It can be shown that this i equivatont
to perturbing the original equation by a pelynomial function with a mumber of
unknown eocHivients w. The discarded relations can be used to determine the
value of these coefficients, Duo $o the inteoduction of Liwese peeturbations, the
problem is not oversspocitied by the applicatiou of the honudary eonditions, As
can be seets, the naaue of the method stems from the denotation used for the
perturhing corflicients,

It ix nocessary to porturh the differential equation wnder investigution, beeanse a
trnneated sorles sueh as equation (115) will not necossarily satisfy this oquation
exactly and the bonwdary conditiotm sinltaneonsly, Towever, if the series cou-
tains enough terms, these perturhbing valnes will be very small ineed, indieating
(hiat the sories hag converged close to the correet result, In fact the pertarbution
coellicients % ean be used as an esthinaie of the ervor in approximation. Fox &
DParker (1968) contadus o cotmprehensive deseription of the Tau niethod,

Sinee they are huplemoented funetionally, the appraach to boundary conditions
in this mothod allows great Boxibility. Thus it is an idesl choice for probleus
in whicds there are nousual consteaints, Thore i9 no real Bnitation on the type
of houndary comditlon that can be appliod, save that they can be reprosentocd
ad an aualytic funetlon, Thus jutegral, derfvative and other conditions ean
e ropresented propoeely with great ease, and in a completely uniforin masnoer,
Furthermore, there I8 no yestrietion ag theve wak I the collocation approach,
caneerning muttiple boundary conditious st naingle pofut. ANl boundary concdl-
tiony are alile in that they ave linear operators outo the wnkuowa coclficionts,
Thug in general nay bhowudary operator that can be ropresonted as

Fl,, =0, (14.4)

eatt le indforwly incovporatod nto a Tan approach, Hove f roprosents o general
operator onto the unkuown fuetion o = e(ie). ovaluated ot a poeiut lu the rauge
J = i‘?ua

The bonudary inplementstion, althoughk highly Bexible i onesdhnensionnd Tan
problems, beeoswes vivtually inpossible i o two-dimensional formlation is wed,
‘Thix I primardiy due to incowmpatibility of these conditions wheu applied in the
two co-orciuate direetions. Thus two-timensional Tan diseretisations ave rare,
snd are wsuplly ondy xeen fu the solation of simple relations Hke the Polsam
equation on the sguare, and where the hounduy conditions sre zoro everywhere
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{iii) Multiple siruple boundary conditions at a single point in the dowain pose
a preblems, For nstaneo, the Ore-Sommerfeld equation for plane-Polseuille
flow reepires four Boundary couditions - two at each eud of the domain - for
a proper solwtion. Tlus a collocation wethod las to assert hoth o, =0
and der/dyl, .y = 0 at the sane node, For such a sitaation, the algebraie
equations at some inner nodes have 1o boe romoved (o make ‘spaee’ n the
operator matrix for these extrn conditious, Thix is inelegant and physieally
incorvect, Canto of af (FO88) describes how to svoid probleas with this
particular lovaulntion.

(iv) The above limitations ave perhaps offset by the advatages of o collocation
approach in a twoe or three-dimensional demaiu, Heve the fexibility in the
applieation of himuxlary conditions allows nse of non piecewise-continuous
conditions around the edpes of the dowmin®,

11.3.2 Galerkin

In the Galerkin approach, the test and triad Inetions are hoth global smoeot]
fanetions of similar form, aud are chose so as Lo satisly the honndaey conditions
automatically. Thus there is no need to apply the auxiliary conditions, As a
resnlt, sk scheuos can only be usod in systoms where boundary conditions
are hoth shuple awd ‘periodie’?, aud they are thus highly restrictive in terms
of their applicabiliey. Typieal systoms whoere suelh methods can be applied are
amoupst otlions: conveetive llow in a closed box, and the transverse {y) dirortion
reretirntion of Qow bebween parndled plates.

The most ronunon orthogonal basis for spoctral-Galerkin methods in ilnid ne-
chanies s the Fourier serdes, or ils sine and eosine connterparts, This allows
use of o lot of available - and highly optimived -~ numerical wachivery, siel as
fust Fonvior transfbrm algorithos, It is povbigs (he Gonllincivy with thie Powior
serfos that teads many people to atillse (his approncin, despite the sevore yostric.
tions with boundary conditions entailed by its adoption. Both the Collecaikon
antd Tan approaches ave, despite thejr respeetive Hdtations, far morve eeible
than the Galerkin method in this vegard, Galeekin approrches ave howevey ex-
tensively used Dt Aniteeclement systoms fsee Zienkiowicz (1086}, it seenw maindy
{or hislorieal reasons,

“In the iwo-ditonsioual pipesintel Bow problem of chapter 10, o discontiniity exists at the
pipe wall at the indel, This i beenase the inlet Bow is constrained (o be sniform acrose (e
ptiw inlet, which violates the no-dip rondition at the wall Lere, This difeimma td to the o
of i mixed T'ooontioeution soelution procedure fr (his systen,

Ry poric T is arennt that e conditions i cither side of One domain coe dentical.
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of the interpolating funetion at peints {the callocation nodes) in the domain,
The distingnishing feature abont this approach is the strseture of the operators,
Here, justead of the first derivative opera -, {for nstance, being derived locally
as fi a fiyite-difforence sehieme, it i3 consteneted as an analyvtie finetion noder
the MWR approach, sl then fronsformed into the plysteal domain, "The resale
of thix is that such opeeators ave globul ([l matrices).

The transformation between the physical and spectrad dowain s - dependeut
on the nadnre of the trinl fwocetiong - wmally & Fourier or sdwglay traosform.
Thus, unlike a Anlte-ditference approach, the collovation method §s closely ree
lated to, end indeed eguivalent to, the Galerkin and Tau methods (these twa
ntetheds are explained below). The coelficients of n Galerkin (or Tau) problem
ean be transloemed vin a linear watriceoperator (or, even quicker, by o s
Fourjer transfor} to the space-values for an oquivalent collocation set-ai, and
viee versa, This flexibility {8 extremely useful when considering the non-linear
ters i 8 Taw wethod, These invalve performiug s (umerieally expeasive)
convotution in the orthogonal basisg but i v substantially quieker to transform
these tornw inlo the physieal space, perform o ternewise mudtiplication, awl
then transform them back apain,

Alteruntively, the colloratlon values ean be thought of nx proper voeflicivnts onto
tho Lagrange polynotdnls, that is polvnominls of the form

IV e = )
= 1) 3 .
i L)

whicl ave ideuteally zevo at all 1 enllocation polnts e oxeept the ude o An
alteruative way of deviving differential and other operatars for the colloeation
methed i« to eouslder the analytic behaviour of the polynowial (11.8) nuder
diffoventiation amd other operations,

The sinadlavity of the collovation approach to o Bnlte-differonce methad atlows
the same philosophy to be adopted vegarding the application of bowdacy condi-
thona, Thus the colloetion approacly shows siwiloe advantages (and Hmitattous)
as tdoos o findtediflevence one

{1} Simple Diviehlet boundary conditlons ean he enloreed divectly at (he nods
of preference, usally y veplacing the elovant row or cohm i the ope
erator watrix by the bomdary condition (huplieit solution), or shaply by
selting the velevaul nodes to the applicable valnes {oxplicil ),

(i) More involved conditions (Neawann, Robin or other) ey reguire coni-
plieated naniptlation of homdary nodes, Cinto of al (198%) contains a
detnilod dixeussion ol how to deal with suel conditions  althongl uo siuple
aniforn appronell soetus to oxist,
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anel using (1°%,1i the Inverse s

1
6 1
1 4 )
PR a4 LRI
‘ a2 Iu .: )] |l N ‘1—-'“3}
sl ook

Thuler the uwovinal MWER farnmlution nsingg Cliebyshiov polvnopials, the test
fanetions ave wgte) == - 222 o onsure the orthegouality condition (11.7)
in the range [=1,1]. The operational-Tan method never deals explieitle with
test frnetions, so go (oethey esusideration nesd be given to thens.

12.6.3 Chebyshev polynomiata in {1, 1)

The € Hiebyshev polynomiaks in the restricted range # ¢ {0, 1], termed the Cleby-
shev polyuongdals of the seeaied kind [Fox & Darker (1908)), ean be caxily pone
erated frenn the algorithms [13.1) amd (124 via slstioution of the alpehrage
relation r = -.f.;{.r 4 1) These are the basis polypasmdals that will be wsed in aldl
the numerieal solutions jn this woek, The Lanzeos notation of using, an astorisk
(*) tu denote these polyuumials will e ased hore,

They mre given reenrsively Ly

?;r{‘") SRS B
) = 2r-1,
Toalry o 3@ =Y =T (r) i L2 {12.17)

atned the first fow tormws are

Ty = ]

T = 2]

T3 = st wry

Triey - 2 -8 g 1se ) (12.18)
3 {8

The forwatd usipping 17 s piven e the alvoritlon (12.2) hodow
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From (12.40) it s posdble to fornmlate a trivial reursive mile te derive the
infinfle matrie 1. If the elowents of 17 are denoted as e then 17 can e
genorates] Ly atlporith (12.1) which follows:

Alporithm 12.1: 17

fup =1
ra =1
for ¢+ 2:v |
LT T
for j=1:i
Pog-a =0 oy B0y 1,1
}

;.

The generation af 17 1 s pos-ible in two wavs, Fitsthe, 3t ean be invertixd to
yirkd 17 L, However it is possible to define V' U stop-recursively [Luke {18a),
1 208, et fom® (22)] as

‘. 1 H tya 2k :% ."'Il"’;al 2% ( ;. ) .k . ".cl-lf.,:‘! . '12.'11)

whers

ﬁu.": ' h l.inL

[

Goeneridion of the lealing (evins of the jndmite matrices using, the alporiting
(12.1) pivew

1
0 1
B BT .
Vil oo~3 01 (1213
1 0 R4 =%

WL I w WT AR . M I L T £

TTAA wioedilicatiom v e o e hsndingg verm in Lake™ fopndation. e sorflicie o of e
Fo teom st be mnttiplied b 8 This ivodee to the Sedion of kg the Bt Clolasdiey
voeflicirnt with a fartar 2.
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12.6.2 Chebyshev polynomials in [-1, (]

The set of polynowiads Ty () o G [=11] ave termed the Chelyshev polynumials,
They can be reprosented explivitly as

Tafa) = cos{nil)

B con ). (12.35)

An oxtonsive stidy has heon inade ou the propertles of these fanctions [see
Fox & Durker (106R8), Riviin (1990)], which are simply trigmometrle relations
with a chauge of indeposdent varfabie, Thux they sharve the smne convergent
bolivivmr ax o Fourder sevies, alouy with the proporty of infinite difforentiahility
amd nicimag Lehavieur, They can be realuated reevesively ax followss

Talry = 1,
Ny =
Ty = ) =15 )y 13,00 {13.10)

Thus the fest foww teris can be simply evalwated o
Tile) = 1

ey = o
Tylp) = =1

Ta) = et = (12.41)
'1?1{.1') = H_]y‘l - 3‘!.2 4
ple,

There are many variations of reenrsion formuda applivalids to these hmetio [Seo
Lutke (1969, 1969h), Fox & Parker (1968}, Rivlin (1990}, that are usefal in the
tlerlvativy of operators i the operational-"Tan approacl. A shygularly usedil set
uf vesntlts whieh will he used i the development of the nuperiea] ftmnework, s
the fuverse forimulation of (13413 but Giestly, it Is uselil to comsider (125.41) in
vietor notution

PETE ST | IR L ¥ {1 AIRTE L (12.d2)
and the fuverse yetationslip for @ nxon funetion of 7

i 'lt" . “2.“”
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12.6.1 Legendre polynomials

These polyimaialy ave explicitly dolined i {-1.2) ae

k2 ST ,
Il sz g S (-1 (‘i ) ( o ).r"' I (12.35)
“ 18

With Lofw) =2 T awd Li{e) =, the sevies ean I defined roenesively as

241 k
L) = "1-'-%1' rlptr) - rll

Li ) . (12,31
Tluw, ustup either equation (12.45) or (12:346), it Is elewentary to derive either
an ox Leit or reetiesive algurithm for assewbling, s wilinite matris 17, such that

R Wl 7' ATETT USRS | I N TR L 12.47)

For the Legendre system, 1 delines a nnigue mapping: thas U by juvertible, wd
an inverse trausform is given by

PES MR (12.4%)

The matrix 17 1 ean be generated cither by direet inversion of 17, or by making
wie of the klentitien contuined o Szepd (1930).

The Legendre polynomials have potentially attraetive properiie with vespeet
to their use fna Tan formnulation: wunele that ey show el naxioan wue
plitude in the contre of (he raupe. This wakes theiy oreor distrilaction Gupgest
uenr the eentre of (he range, with the kawvest ervor dewsdty near Hie bouncdaros,
the e where hetter resolution is reguired inomest pipe stability o hogud-
ary laver ealeulations, ‘Ulis ean hie confrsted to the Chelashev polynonials
dewevibiod i the next seetion. wlere the ertor i evenly distribatesd aver the
anpe [Wriglt (19933, The acenvaey pain ix hewever insignificant in practice,
bieenuse the Chebyshev solution can fust be taken to an exira term or so. o
hetter the aveuraey of s equivalent Lepewdre forumlation. Tn ather words, any
sl aceuraey gain doe 1o the nse ol a Lepelre busis over o Chelivshey one iy
swatnpecd Ly the nede of fuerease i aceasey which both show whes tles oxder of
stlttion i fneveasied. Thus Loth approaches ave effeciively egnivident in 1erms
of aeearaey,
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Is important, When seeling a solution, one iv not looking for the solution to
the trapented series (in which case one wonkd assomble wotricer with initial
dimensdon & x N, but ther the projeetion of the infnite serios solution unto
the sttbspare Py, The vesulting solution is parantee] to converpe spoetyally
above cortnin N (onee the esseutinl features of the vroldemn ave properly rep-
reseuted) ax long as the funetion is smeoth asd the syatem s complote in o
suitphle Filbert spaees Tlese two conditions are met by all reasouable systoms
in incompreessilde Buid dypamies, and coptainly by all the probioms cousidered
in this work,

The anginentation caryied out in eguation {12,31) ix cgnivalent to ignorbupy the
highest order inner equations in Gvour of the anxiliary conditions, Ax mentioned
bofore, this approack Js vadid (wsd Dadeed 19 the essenee of the T methad) he-
cause theee penerally is no exaet solution fn the franeated basia ¢y ¢ to the
oviginal equation (12.26) which alse satistios the anxdlivey conditions (12,30, In
otter (o mnke the sepies ropresentation an exact solation, e sysien (12.20) i
pecturbod Ly o Ligh order polyioial with (a sl wanber of) covflicd c-nis Tis
That iy, n solution is sought to o4 T = 0, 'The perturbaton 7° - }_,’” Tyl
fw el that the value of o 8 stoudh, The solution for the values of the lmlmuwu
1'% ean be rekily oltudned by atilising the disrogurdod rolations from the inner
problem (The aygentation carried ant in equation (12,34} ellectively retuoved
# relations frow the mateix by pushivg’ them 1o the right), Kuowledge of the
vilues of these cooflicionts can Do wielnl boeause they give wn oxplicit ropresen-
tantion of the ervor of the approxtmation. owever, this i nunecossary hoennse
the wagnltude of the bhighest orler coclllelents of the series solation will mpply
as poted an error extimate, The ubove perturbation appronel is fally huplicit in
the opeationnkTan approach, wikl ix eousidered here only for comploteness, In
et there ja wo stradphi forward woy i which the r cosflicionls ean he extractod
frotn the operationul-"Tan metliod.

12.6 Suitable scts of polynomials

The above disensrfon bus proceedoed fn a penerul fnsldon, with no specilie rofor-
care to the polvimnial basis, This seetion cousiders applicalile eandidialeos for
saueh o bisty, Two polenondol ised comp suly wsed i speeteal moethods aee
considlered = the Cliebyshey polvuoinials w o the Lopendre polvacmints,. Doth
sels of polenomfaly ean be geacnted o sperilie elasses of singulae Stucie
[ oinville operator fsee Camgto of al QOR8] TRoth are consideral in the rauge
r € [=11) Tlowever, aml ax will he demoustrated for the Chebyshey polys
woduly, it f« erbelab to convert both sets of polynowiad to the restrictod e
r 4 [T by the alpebrade trmforpuation » = 1200 1
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where g; i 2 known colim vector evaluated as g, 2= F of, . Equation {12.31)
cith o rowritten as

b= by 1ol (12.39)

The ¢ soparate conditions can now be combined into o sinple eolation by aup-
tentig he separate voetors g Into o oty as

bRk D= [g.,iy,i---h;., 1]. | Y A A (1233

The vquation (12.33) s now it an alopoens form to (he inrer probdent, equation
{12.24}, ‘The boundary conditions van uow he augmented to $he nuer eeuation,
antl the system (o e solved now hecotes

Bli=w, Il [I?E(}’] . W [EE,‘;‘] . {12.81)

12.5 Solution procedure

The cquntion (12.34) o the provious section i an alpebeaie system o the
orihoponnl basiy ¢ abalopgous (o the original dilferential equation, Tt ix Lowoever
i influite systenn, beeause the unkuown fnetion @ K replacsd by s infinlte
pevios ogudvalent, Ax wis imentioned before, provided the hmetion ¢ 5 simooth,
wtied wo wre all its dorivadives, the its series expuasion i the bais e will converpe
cverywhere point=wise to the aciusl [noetlon at a rale grealer than auy power
of & v & « the munber of tovies in the gerles « is inereased, That i ta sy (he
Infinite sorles representation of the difersutial egnation « eguation (12.34) - will
be equivalent to the original equation. Furthermore, due 1o 1he nfinjtesovder
acenvaey of the series represeitation, the serien expromion franeated al soine
finite & will e an exeeedingly good approximution to the oigbed fagetion -
Uie viluos of the higher cootlicionts jpnored Dy this truneation wilt e very anall.
Ay compmter resonrees are [indte, sid hovatse the solution of the infiuite systow
Iioldy 1o veal bheneflts in terms of aeetgaey, the solutlon is now souphit 1o the
sydtetn trusented at some Quite value,

A solution i soupld to {12815 in the subspace P ool polynomials of ovdoer
N s 1o inather words by represeuting the soluton in the trineated hasis
ey 1 This I achioved by truneating both the operatol watviees 1L a0 N2 N
and at N respeetively, Ax wentioned Lefore, the devivations soneeenod  mfi-
atle mntrives, (s to achiove the vorveet forindution, 1he Hual systen (12.31)
wnst T tesented affer assehly rom iulinite eporator nuaoricest, Tlis beue

paetiealis, e e andy worls daudag cotsttaetion witlo matrives ol peder N+ A N o b
where & eqnals or excerds the pusver of the largest polvaomial preasaltiplior onta the fanction.
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opuily achieved thyongh cancelling v fvma oneh slde of the equation (12.25) by
wivision, Thix stop is equivadont to the equating of coeflichnts n the standagd
Pyt approarty, and consequently the iuner prablon hecaies

=g {12.20)

Eeuation (12.20) s soluble by Dyvesion of, atid postaunltiptication by ¢ How-
ever, no homudary conditions yet lave heen augmented, and thus in all likeli-
hood, & will he singnlar, Further ta this probiem, the mattiees at this stage we
all et ta e infindte by extent: aud fop this reason the seoling ol a solution
b g little premature, However, equation (12,20} is in the corveet Iova da hive
Donudary eoditions anginented - the sabiect of the next seetio,

12.4 DBoundary conditions

The solation [l a partieuiar dilferontind cuitiog sitely as ogmation (12,26} needs
the implementation of howdary conditions . order to yeld o nuigne selnton,
Sueh cowditions generally (ake the G of Huear funetionals Baposed af scae
{ixect polnt fn the domain, anmely

el =ty izl vope=l {12,301

loye -. i Monw linear fnetiovsl; for exunple such se opeeator condd e Py

I';ﬁff i,,. Tho reantit of this aperator ou 5 Is evalyated at some pojot ummllv
at one rd of the domaly, b generaliy anywhere within i, The tor b 8 some
constioit, Tlie ¢ houndary aperators F; ean be comaposee of menibers of the sel

Q of differential operatos,

sl the sane approach as before, equadfoun (12.80) can Lo reforasilated it 1he
orthiogonn) s i

Y (TR RSP (% DTSy (12.31)

At this point aslinhily diflorent spproaels is ke, “T'he bosimluey sperat ors ueed
ta e angnented (o the systens (12,20, which is the Duer problets affer Qe Dasis
veetors bive boew removied, Tlais eepratien (1331) ut pol be volormmbated in
eyt of the hasis veetors, Tlis ds the siinplor option, beewise this epuation is
alvemdy ine this I (This is bocaase the Disls veetors hive Teen svaitaged at o
pointh The lelt b side of egantion (1230 v, e simplified o

bE ¢}, o, b
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travsformed opoerntor J is simply
[ogde 00
o | e 000 (12.25)

o radr D

The values for the matlx (12.25) can casle be cabnlated depoendent on the
hasds wsed,

12.3 The inner problem

It oy Lioeu shown above that a preoeradisod Enear differential eguation ey be
ropreseited as an cgnivalent set of infinite matrix operatoss in e orthoponal
polyvuennial bists,

Any luear ordinary differential equation eat he wellten in operatsr uotatbon as
Go(r) = flr) (12.26)

where ¢ ix auy luear combination of operators which ave nembers of Q, or
aperators representable within (he systom such as the it operator (12.15)
or tite futegral operator (12.21). The tertn f{r) Is sone kuown (polynomial)
funetiou of » {it may be the solntion Trow the provious tue-step in an fnitial
vitue problem). Ax such, f(r) van be represeuted inthe canouical basts ax
) = [ where £ i the cooffivient veetor, “The fnetion f{r) can he easily
prajeeted into the hasi e by e npping V0 oax

Jtr) = JU
= e 12.27)

Thus, replacing o~ Ju egnation (12,26) with its seeies epreseatation, and the
aperatars i G by their operational-"Tan analopues, vesulls in

fte = e (128

'!‘lw abjeet af the endeavour s to alitain a solution for the vukitown conflivionis
b, In onder 1o do this. the cocflicient vector ¢ must be climinated.  "This s
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12.2.3 The definite integral
The defisite integral

j;l by (1:2.21}
is mueh like the Hmit operatar {12.15) in that its resall is not a function of r.

It can however be treated in an jdes tical niuner to the limdl operator.

In order to finel the form of the intepral operator wairix, consider the ntegral
of the expanded serles, equation (12.7). Tlls can e impletented as

fu J drdr

I ! It
f {tg 4ty -+ llgl‘j FIPTLr RO
0

1 a l' ] l A ! 1} W)

= N1 s R ':-l'l'fgl" + IH:H‘ oo o {12.22)
111 T
= [nulll a2y "'][l ;;)' 5 -i' "']I

111
5;1153_1 1

|

Tlug vsdng the snne approach as Tor the it operator, cquation (12,17} §x post-
nftiplied onto equantion (12.22), ju order to render the format of the integeal
apoerator equivalont to the operatoes from the set Q.

This results in the definite integrad heing defined as
1
fn H(r)dr => @i (12.23)

where J I8 glven by

1Loow
Looo ..

J= ,:: 000 ' {12.21)
Yoo

By using the identity (12.11), JF can Lo prajeciod Dnto e orthoponal bisls,
Apnin, iF the ovthopanal hasds bas (he zeeo'th opder polynemial ep 22 1 thes the
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Tu the eanonicul hasix, the operator £ can be written ns
& Plpny (12,16)

Equation (12,16) has vo hasis voctoy (hecanse this veetor has beeu evaluatad
at & point in the o ) and thus . this form enmnot be trepted uniformly
along with terms suels as e elements of the set . Thix ix casily veetificd by
postanubtiplying equation (12,16} by the quantity

flog ...J#
a 100 e o) (12.17)

= 1,

This vesubis n

Ly = [F]r,_,,,n flog.-. ]] r

= i [(1 Plrors Plyorg o f7LG0 -0 .]] . (12.18)
= (L

where the mutelx L cousists of 2eroes exeopt for the Beat colutm which is #le-ay.
For exatuple, if rg = 1, then L will evaluate to

100
1
Ii=|1 g o . {(12.19)

By using the kdentity {12.11), L ean be vrojocted into the orthogonal s, Tt s
however trivial to show that L, for an orthogonnd basiv where the zeva'ih order
polvnemial vy =5 1, ix slyply®

”“I"--‘-T'D U' ll
a l'[ir: " " U 108
I =1 )y e 00 . {12.2(0)

Ar will be shown later, asseibly diveetly i the ovthogonal lasis = buportant
nnerieally

e

AN rewsonadle linearly indepondont bason « eortainly Lot the Chebyalioy aud Tepeodoe
soriow = hawve sy thede zoretth ovder funetion ng = b
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vyt
1_?”11,11?1‘_.---1
gy e (U Y (B DV ()

n brrmy m s

D

B

ﬁn ﬁ L] .

Thus by thearem 12.1, auy general Huear differential cquation with operators
elenients of ¢, given by

[Po+Th oo b Dy lr) = firk (12,13)

where f(7) i some general (polynomial) Jauction of ¢, can be yepresented in the
Lasis # uy the system

B[Dy 4 Dyeee o rTJN] Fa fi (12.14)

where f reprosents the kuown coolliciouts of the applied polynomlal Gmelion f,
I the bads &

As ean be coen, any sach differeutial eguaiion ean he veadily Tormulated as
an operatlone] Tan wethod, simply by assemdling the watrices 4§ and ji in
neeortlanee to the operator notation of the originnl dilforential eguation,

The application of the wethod 18 by to means limited to membees of Q. Unnsnal
apeyators sueh ag delinite pud indefinite integealy, and lmit-operators sre some
of wany near operators that ean he sableeted o o nuiform freatment under
the method, The two types of operstar thst will be treated eve are the it
operator aud the defisite integral aperator « beeause of their application to
the awerens probleny Bt is elowsentary to extewd the prineipal to other uunsual
aeinl Or,

12.2.2 The limit operator
Clotslder an operator on ¢ ol the form
Lady = oy, {13.10)

Sueh un aperator veeurs within the cquation (10.33) for the sofution of the Lase
Mow. Ax will he shown, the eurrent approach will treat sneh an operator in a
uniforin way, voen thengh the resall s not o function of v,
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and represent the elfocta on the coeflicfonts of i polynomial due to differentiation
waek pre-umltiplleation by r, rospeetively.

The matrlees (12,10) can easlly bo gouerated by considering the sffoets of diffes-
entiation and nmltiplieation on the sevies expansion of equation (12.7) &{r) =
S Xaairt, Important to note i the order of the oyotators y and g in egqation
(12.9): these wntrices operate om the coefliclent veelor &, therefore, heeanse
differentintion precedes multiplication ln guation (12.8), the derivative matrix
# must post-opeeate on 7 first ju this vase,

Tl aperators 5 and g are sow projected into the erthogonal basis, By victue of
the mappiye V, equation (12,97 eatr he veprosentod in the basls £ A similarity
transforntion is delined sueh that for wy mateix A,

Adsvav! (1211
8 termmd the conjugate of A in &

Theorem 12,1 If Tt is 0 member of the sel of diffesentiad operdors Q with
polynomind cocffivients, defined by cynation (L28), then in the orthogoual basis
#, the offeel of I on the serivs represcntobion of ¢ - equation (141) « is

() = D = B e {1812

Proof 12.1 Consider the geancralised opeyater D o= r“‘;ii-'?.- aperating on ¢z},
r € [0,1). If ¢ d replaced by fiy sevies erpansion in the canomical basisy o = 8v,

then by equation (1L8% Do ran be sewrithon us

D = idDr

= P,

Eyuations {12.6) and (10.5) allow e veapective seplucesnent of & and ¢ in the
alove equation, and the subsequent wee of the definstion (1:411) lrads to
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The proof is vompleted by consilevowg e crpansion af 1Y aeeonding (o



