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Abstract

Inlthe Netherlands, Wastewater [is thostly [Collected in[dombined[sewer[System[and[fransported fola
WWTPthrough pressuremains. These[pressure thainsform @n/elementofithe [System [thatdid Mot
receivemuch @ttention Tately With Tespect fo monitoring [6f[performanceland maintenance. For(that
reason, their(state[6f functioning is[6ften Mot Known. [Failure[dfldperation is [only Moticed Wwhen [during
stormconditions(the [Capacity [0fthe [System[drops, resultingin indesirable(discharge [to (thesurface
water.

Alrecently madelinventory [showed [thatlabouthalflofithe[pressure tainsshow [increased pressure 1oss
formolobvious reason. Reduction0flthe[Systems mominal(Gapacity [Gan result from hany [Gauses, like
increased Wall foughness, [Scalingand the0ccurrence0fTfree [gasinthe pipeline.Theldccurrenceof
gas[pocketsmay beldaused By ldegassingofldissolved(gas, butldlso by @irleéntrainment(atthe pump linlet
orlat/dirvalves.

A Tresearch(project(isstarted fhatWill Bedarried [ut from 2003 To2005. Thisproject focuseson fhree
goals:

theldescription0flthe(gas[Wwater Transport phenomenalin Wastewater [pressure tains,
almethod(fo(detectland/diagnosegas problems,@nd

tolovercome [futureproblems by [€ither @pplyingremedial measures[0r By [developing improved(design
methodsfor[wastewater pressure(systems.

Thelprojectlis [darried[out by the Wniversity [0fDelftland Delft[Hydraulics(incollaboration With [the
majority[0fithe Water Boards [in the Netherlands. [Two [experimental [facilities [are[donstructed [fo
investigate(the[phenomena,(onehaving(alength (0f1630 Th. [This paperdescribes the Tayout6fthe
experimental [Setip [fo[detectland [diagnose(gas problems.
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Introduction

Thehydraulic[¢apacity [of[pressuremains[does[¢hange[during[its[operational [life (because[oflscaling,
theloccurrence [ofldir/gas[pockets, (wear of[pumps [étc. In[practical [Cases/it[is mofrivial (fask [to [identify
thelcauseofldapacity Tosslin the(firstplace. To find[dSoundSolutionforlaproblematic’ pressure main
is[in[many[casesévenmoreldifficultlsince inalsignificanthumberlofl¢ases albasicldesignproblem
seemsto[beltheltause. Freelgaslinpressurisedpipelines/mainslcanlsignificantly [teducelthe[flow
capacity.[When the[¢apacity [of[wastewater [pressuremains fails o [belin[line[Wwith[the[designValue,
undesirable spills(dr(éfficiency Toss ay bethe Tesult.

DelftHydraulicslandDelftWniversity[started [anlextensive fesearch programmein 2003 in [the
processes.Thelobjectives(oflthis programme/are:

0 Developing(amethod(toquickly(diagnose(the/causeloficapacity lossofla[pressure main.

O Getlinsight(inthe[processes/and main parametersinfluencingscaling.

0 Alquantitative linderstanding [0fTthe processes [ihvolved inthe dynamics/ofTdir/gas
pockets(in [pressureains

0 Obtain@bettercodelofldesign practicelin terms(oflavoiding(scalingand the0ccurrence

offpersistentdir/gaspocketslinpressuretains.

Inlthispaper(only [the(firstObjective thentioned(isldddressed, [discussing [the [Set ip [0fthe [€xperimental
facility[dnly. Theldccurrence 0ffree (gas(in Pressure tains(significantly linfluencesSystem dynamics.
ThedifferencelindynamicBehaviourfisiaeasure forthe @mountdffreegas [presentlandfis therefore
usedasldfool foldiagnoseland[troubleshootlaproblemwastewater main. flthe presence [0figas altersthe
wavelspeed, [the presence0flgaspockets(danbe proven, by [sending pressure waves(through(the
pipeline.

Thelobjectivesoflthe studylis[fo [diagnose(apipeline [that[suffers from(capacity feduction. [Preferably, @
methodlisdevelopped(that[diagnoses[thel$ystem[Wwith[simplemeasuring[ devices[ suchlas[pressure
transmitters (only, Withoutthemeed forspecial instrumentation.

Infthis paper(d’descriptionfis[given0fTthe l@xperimental facility ihWhich the influenceoflairiand Tocal
air[pockets(Canbelinvestigated.[AneéxploratoryinvestigationHas been Carried [QutiisingMumerical
simulation0f'freegas[pockets [in [pressurised mains/pipelines.

Theoryand methodology

Thelpropagationspeed c[(celerity) ofl alpressurelwavelthroughlalpipelinelisdetermined[ byl the
compressibility [of(the fluid[and [of[the material [of[the [pipe.[Theléquation[forthelcelerity [dfpressure
waves|[for(completely [filled [pipeswith a[singelefluid reads:

inwhich

p =0 densityloflthefluid

K =[1 Bulkimodulus/offthefluid
D =[] Insideldiameter(oflthepipe
e =[] thickness[oflthe Pipewall
E =0 Young’sitodulus

Thepropagation speed ofpressure Wwaves [through [d [pipelineis[significantly [influenced By [the amount
ofTfree(gas[presentlin(the pipe. [Free[gaslincreased the[compressibility [0flthe (fluid[and thusreduces the
wavelspeed.



In(caselfree gasis (homogeneously) present pland K can belreplaced with p*land K.
p =(1-f)p,+ 1P,
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K' K, K,
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Thefraction fToflgaslinlaPipelcanbelassessed, [iflthe ‘occuringWwavelspeedand mhaterial [donstants(are
known. Inlorderfolassess(thepresenceoffree gaslonelcoulddeterminethechangelinlthe Wavelspeed.
Theperiod T'ofthewave forldisystemoflength LBounded by reservoirsfis:

T=22
C

Iflthe[period(is(measured[for(alsystem, the[tesulting[(lower)[¢elerity [indicates[Wwhether[free[gaslis
present. Three(different(situtations(can beldefined:

1. Thelpipelisicompletelyfilled WwithWwater
2. Air{islpresent/andis(distributed iomogeneously [Overthelength 0fithe Pipe
3. Thelpipelisfilled Wwith Waterland[only(a/dertain Ibcal point/d Volume 0fTairis [present.

Forfthe firstisituation, thebasicldquation forWwavespeedfis valid.

Thelequation for[the Wave$peedfor[water withhomogeneously mixed[gasmay mot[bel¢completely
valid [for[ituation[2, Sinceldir Bubbleswill (beintermittantly [fransported@t[the ipper sideofthe Pipe’s
diameter.[The8ystemof situation[three¢an[be Tegarded [asfwolsubsystems[inbetweenlalgas[pocket
andthelsystemsBoundary. [All Three Situationscan [be fested inthe ‘€xperimental [Set [p.

Inlpractice, [airfand [gasin[pipelines [canbe devided [infwolinain¢ategories, local laccumulationfor
exampleldthighpointsfand@irthatfisSpread[Overthe Tength 0fTthe [System. Theléxperimental [SetQip[is
designedlinlalmanner(that(bothlsituations ¢anbelinvestigated. Localdir[pocketslarelinvestigated by
injectinglan/amount(ofldirfihto [d Wertical [Standpipe Thatlis[Gonnected fothe main dine With[d[TGunction.
Iffairthatfisléqually distributed lover(the Pipelinefisinvestigated, the branch [0fthe THunctionlis[closed
and[@irfisfintroducedintheSystem(dtthe Heginning [0f The pipeline. [Aldescription[ofthe €xperimental
setOipfisgivenlin(the iextSection.

Experimental(set/up

Theléxperiments [@re fo (be[conducted [in [a[dedicated [facility for research(on [@ir/gas pockets. [Thedircuit
consists[0f630m Tong PV ClpipesWithinnner(diameter[0f[235,4 mm (and @ Wwallthickness[i5[7,3 hm.
AtfourTocations [(seelarrows[inFigure(1), fransparentTjunctions [are[d@pplied that[combine thelability
oflvisuallobservationand(the [possibility fo ¢ontain alcertain[amount(oflairatlalfixed pointlalong the
pipeline. Theldircuitfis Tocated indoors[offaTarge [facility building [and is [Situated [0on the[concrete floor.
ThepipelinefisSupported by [steel [Supportsat’éachpipelsection(10m[Tength)@and Wooden Blocks[fo
prevent[saggingofithepipe.[Thel¢ircuitlisSufficiently [flat[fo [tealise froublefree [fransportoflthe [air
bubbles. JGoodsupport[lis[also ‘necessary[to [minimise [ negative [sideeffectsoflifluid Cstructure
interactions(on fthelinepressureduring[pressure [fransients.

AirCeanlbelinjected [into[the systemlin[twoldifferent manners. IfTtests aretequired (withlocal Cair
pockets,Cairlis[ocallytrappedinVertical “standpipes(branch "ofla Tjunction)at[several [locations.



Figure[2[shows(a[layoutlofTthestandpipeised. Theldiameter (0fthe [Standpipelis [€équal fo [the hain[pipe
and(the Height(is[1.00 . At[the fop oflthe standpipe, fwo [fappings(dre[dpplied [folinjectdand Heleasedir
and [folinstall [d[pressure [fransmitter. MDuring[eéxperimentsWith [Tocal [dir [pocket(a fixed [dmount[0fTair[is
injectedlin(the(standpipes. By [Heading(theWaterlevellin the(standpipetheléxactvolumelis[Obtained [dt
thelinitial linelpressure/(atstationary flow [Condition.

Thel¢ircuitlallowslinvestigation[oflthe transport[oflair[that[is[spreadlover[thelentire[length[oflthe
pipeline. [The(facility[is[specially[designed [toinject(a[controlled [and (monitored(dirflow intothe liquid
phase.[For[theseltests, air(is[injected [at(thebeginning[oflthel¢ircuit, justldownstream [oflthe (pump
(upper(leftiside ofFigurel). During theseldxperimentsthe Branchofithe THjunctionlis[closed.
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Figure(1:[Topland[sideview [0fithe(éxperimental [set up.

FromraltonstantCheadlTeservoirfalpumpl¢irculatesWwater throughtheexperimental facility. CAlflow
control [ Valve (FCV)lin ¢ombinationwithfan[EMF [flowmeter[and[PCladjustthe flow Tatefolits Set
value. ThelinhjectionofTdirinto [fheSystem/resultsfin(aleadincrease0fthe pump, [causingthe flow [rate
toldrop. Theflow [control@llowsalconstantflow rate[during liead [Ghanges.
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Figure2:LLayout(oflthe(stand pPipe



Airlis[Supplied [by[the standard[6 [bar (pressurised [air[infrastructurein[the building.[Al¢ombinedmass
flowmeterland [flow[control Walvelddjusts(thelairflow [tolits[set[Walue. [Sincelthe [@ir flowmeter measures
mass, theOutput(gives[‘nl/min’,lile.[@Molumetric flow rate @tmormallconditions (101325 Paland [0 [°C).

Thefacility incorporates [the [following[instrumentation.

range uncertainty
EMFDN125 0=1000/s <[0.25%
Gasflowmeter 1 250ml/min <[0.5%
Fourlabsolutelpressure fransmitters 033 bara <[0.1%
Fourpressureldifferential fransmitters] | rangingfrom(1.20Tbar=2.5bar <[0.1%
Temperature fransmitter 3[fo100MPC <[0.1°C

The[facility comprises tappingslat[14[locations, Wwhere 4 absolute pressure transmitters and/or[ 2
differential (pressuretransmitters can(belapplied. (Inlordertfo[preventair[from[disturbing thepressure
measurements, the[tappings[arelocated [at[the bottom[oflthe pipe. Theltemperatureltransmitter(is
located atlthereservoirlin(drder fomonitorpossible femperatureincrease [daused By the [pump.
Alllsignals(arerecordedising/anautomated(datalacquisitionsystem[in[which[the[Ssampling frequency
can/beladjusted anually ranging between[0land (10 kHz, the [@cquired(datalare stored [0n(ahard(disk.

Numerical simulation of [pressure/wave reflection

Anlexamplelis given[for[thelreflectionloflthe[pressureWavelinltheléxperimental [Setp, withland
without(an [@ir[pocket.[AMumerical model (0flthe [experimental [Set[up [ismade lising [d[Software [package
for[waterhammer[simulations (Wandal[3.50). Theléxcitation[ofthe [pressurelis[¢aused by the pump
which(speedlis(decreased (from[1470 xpm o700 tpm in(0,5second.[Thelunderpressurewavelmoves
into [the[system[and[teflects[on[thelend [oflthe[system[or any air[pockets thatis(in[the System. The
pressures(are [faken from[150 7 @and 401 mldownstream ofTthe pump,oneipstreamofTthe@ir[pocket
and(dneldownstream.
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Figure[3:Timelseriesofthe [pressure(atfwollocations, no@ir pocket

Figure3shows fthefime series0flthe[pressure @tTocations 150 and 401 thdownstream(dfthe pump.
Thereflectionperiodandthe Tength [@ftheSystem[gives the@appearingwaveSpeed. [Figuredshows [the
powerlspectrum(oflthe pressure fime series. It[shows peaks [@tthe(first harmoniclandlsecondland third
harmonicswhich(depends(ontheshape0ftheperiodicsignal. Table 1 ishowsthefrequencies with [the



highlénergypower levelslandthecorresponding Wwavelspeed. [Forthe[purewaterisimulationthe
resulting [frequency is[0.2380Hz Which dorresponds [toa[period(0f4,201s.[The wavespeed dalculated
fromthelsimulationi5 300 /s Whichlis[abithigherthan fhelSimulation WwaveSpeed 0f1298.6m/s.The
differencelisWithin [the[resolution0flthe frequency [0fthe [power [Spectrum. The [powerspectrum@lso
shows[peaks(athigherfrequencies. Thesefrequenciesdccurfrom(the [particular(shape ofithe [pressure
time(series. TheseHarmonics hiaveWaluesthatlaremfimes fthefirst iarmonic.
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Figure4: Power spectrum oflthe[frequency[dfthe pressure fime Series, o dir [pocket.

Table1: Frequency (values(ofithe power [spectrum peaks(and ([dorresponding wavespeed, no @ir pocket

location150m location401m
frequency corresponding wavelspeed frequency corresponding wave speed
[Hz] [m/s] [Hz] [m/s]
0.23801(1%) 300m/s 0.23801(1%) 300m/s
0.47611(2") 600 /s 0.47001(2"™) 592(mm/s

Figure(5[shows the pressureltimes series/in/thecase where!a[standpipelis/filled with[12,41lof
air(at255 mldownstream(of’the [pumpand [the pump fis rfeduced in[speed [from 1470 rpm o700
rpm(ih[0,5second. [Clearly, the [pressure(shows [adifferent behaviour.
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Figure(5:Time(series[oflthe [pressure at(fwo locations, @irpocket(at255 th

Also(thepower spectrum/shows|that(the pressure [time seriesconsists 0fldifferent frequencies.
Figure 6 indicatesthat(the first[peak [ihthe spectrum has(alower frequencythan/inhthe
situation Withoutlanair[pocket, whichimeansthat/the reflection period haslincreased. The
occurrence/oflthelair[pocketicauses/aldelayinltravel timelofithe pressurewave.Table2 [shows
that/thefirst(peak [inthe [power [Spectrumcorrespondsto[frequency(0.1831Hz, whichindicates
anléquivalent'wavelspeed(of231m/s. Thellower wave speed implies(aldelay intravel time [of
thepressure(wave.
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Figure[6: [Powerlspectrum[0fithe frequency [0flthe [pressure [fime(series, (Onelair[pocket @t 255m.

Table2:Frequency values(ofithe power[spectrum/peaks(and [orresponding wavespeed, dne air pocket

location(150 location401
frequency correspondingWwave(speed frequency corresponding Wavelspeed
[Hz] [m/s] [Hz] [m/s]
0.1831(1%) 231m/s 0.1831(1%) 231m/s
0.4456((2") 561mm/s 0.43951(2™) 554m/s
Discussion

Theléxperimental [Setuplis[designed(to [produceldatalforlanalysing(thelinfluenceloflgas in(a pipeline
system. [Themumerical [Simulations[show that[frequency[content[0fthe [pressure[fime[series [changes[if
air[is[present. Subsequent[measurements will Cbeperformed[linCorder[interpretCand[analyse[the
differencelinlocation[and[Volumeloflthe air[pocket.[Theaim[of thelinvestigationis[to[belable[to
diagnosealpipelinelsystem/[in[d[way[thatthelocation[and[the l@mount(ofidir(dan Bedetermined.
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