Detection of/gas/pockets/inpressurised wastewater mains(using
dynamic(system response analysis

ABSTRACT

Inlthe Netherlands, Wastewater(is hostly [collected in[dombined [sewer [System[and [transported [to @[W W TP [through

pressure mains. These pressure thains forman(elementofthe [System[that(did mot[receive thuch attention lately Wwith

respect(to monitoring (0fperformanceand maintenance. [For [thatreason, [their[state (0ffunctioning(is[often not known.

Failure(ofloperation/isdnly moticed when duringstorm [conditions the dapacity[oflthe[system drops, [resulting [in

undesirable(dischargelfo [the[surfacewater. A [recently hadeihventory [showed [thatlabout halfldfithe [pressure thains

show lincreased [pressure loss for(no dbvious/reason. Reduction (oflthe [systems mominal [dapacity [can result/from thany

causes, likelincreased [wall roughness, [scalingland the(occurrenceof free (gas/in/the [pipeline. Theoccurrence 0flgas![ |

pocketsmay becaused By degassing(dfidissolved [gas, butlalso by (airleéntrapmentatthe pumplinlet[dr [at[@ir valves. (A

researchlprojectlis(started thatwill be(carried[out from 2003 [to[2005. This[project focuses on threegoals:

o theldescription ofithe[gas[water[transport(phenomenalin Wastewater [pressure thains,

e althethod/toldetectland/diagnoseigas(problems,(and

e tolovercome futurelproblems by [ditherapplyingremedial heasures(or by [developing limproved (designmethods for
wastewater [pressurelsystems.

This[paper(describes thelayout(dfithe[experimental 'setup [to [detect [and [diagnose[gas [problems(and ithe [firstresults (of

thelexperiments [dre [presented [and [discussed. [ Theresultsareised to validateldimodel (Wanda) [developed by Delft

Hydraulics(thatldescribes the[phenomena ihvolved (in[surges ih [dir/water [transport.

Keywords: Wwastewatertransportmains, capacity veduction, |gasliquid imixture experiments,
phenomenonldescription, diagnoselproblempipelines.

INTRODUCTION

Thehydrauliccapacity [0f[pressuremainsdoes/change(during its[operational life because(oflscaling,
theoccurrencel ofl air/gas[pockets, Wear of pumps|etc. In[practical caseslitlis[noltrivial[task to
identify[thel¢auselofl¢apacity [loss[in[the(first[place. To find[a[sound[Solution for[a fproblematic’
pressure mainlis/in[manyc¢ases/even(moreldifficult/sincelin(a[significant number(ofl¢ases(a basic
design[problem[seems(folbelthelcause. Free gaslin[pressurised pipelines/mains¢an(significantly
reduce(the [flow[capacity.[When(the[¢apacity [of[wastewater [pressure ‘mains failstobelinline with
theldesign/value, undesirable(spillslor éfficiency [loss thay (be theresult.

DelftHydraulicsland DelftWniversity started [@anlextensive [research/program(in 2003 [in [the
processes. (One oflthe(objectives 0flthis [programlisdevelopingdethod to [quickly(diagnoselthe
causeoflcapacityloss/oflapressure main. (Inlthis/paper(the(set up ofithe eéxperimental [facility [and
thelexperimental resultslarediscussed. Theldccurrence of free(gas in [pressuremains significantly
influences(system/dynamics. Theldifferenceinldynamicbehaviourl(is @ measure for the @amount/of
free(gas presentland is[thereforeused(ds(a/tool todiagnoseland [troubleshoot(aproblem wastewater
main. Ifithepresence0flgas alters/the wavelspeed, the presencelofigas/pockets (danbe proven, By
sending [pPressure waves through thepipeline. Thelobjective ofithe(studylis todiagnoselapipeline
that(suffers [fromdapacity reduction. Preferably,laimethod is[developed(that/diagnoses [the system
with[simplemeasuring/devices/such(aspressureltransmittersonly, Wwithout/the need [for(special

Detectionloflgaspocketslin/pressurised Wastewater thainsusing [dynamic system response(analysis. Paperdumber =128



instrumentation. [Inthis[paper(aldescriptionisgiven[oflthe[eéxperimental [facility [in Wwhich(the
influenceloflair(and locallair [pockets dan be linvestigated.

METHODSAND METHODOLOGY

Theory/and methodology

Thelpropagation speed cl(celerity) oflalpressureWwavelthrough alpipelinelis/ determined by the
compressibility [0fthe fluid [and [of'the material (0f'the pipe. Theleéquation forthecelerity (0f[pressure
waves [for[completely (filled pipes with alsingle fluid reads:

~ ﬁ Q -0.5
c_(K+ eEj (1)

inlwhich

p =L Density 0flthe fluid

K =01 Bulkimodulusof’thefluid
D =[] Insidediameter ofithepipe
e =[] Thickness/oflthe pipewvall
E =[1Young’simodulus

Thelpropagation! speed[ofl pressurewvaves|throughlalpipelinelislsignificantlylinfluenced byl the
amount(ofifree(gas presentinthepipe. Freelgaslincreased/the[compressibility [ofTthe fluid[and [thus
reducesthelwavelspeed. In(casefree(gas(is[(homogeneously)present pland Klcan/belreplaced with
p'land K.
. I _1-f 7
=(1- + 2 =—+— 3
p =(1-f)p.+fp, 2) X K K 3)

Thelfraction floflgas(in(d[pipecan(belassessed, [if theloccurringwavelspeed/and(material [constants
are known. [In'order [tolassess[the[presence offree/gas/one/could[determinethe/changelin(the Wave
speed. Thelperiod T'of’the wave forla/system(ofllength Lbounded by reservoirslis:

r=2L 4)
Cc

Iflthe[periodlisimeasured|forlalsystem, anlincrease/in 7 from!thelteference value (nolfreelgas)
indicates(thatfree(gasis[present. Three(different situations/canoccur:

1. Thelpipelisicompletely filledwith water.

2. Airlis[presentlandfis[distributed liomogeneouslyover(the lengthoflthe pipe

3. Thelpipelis(filled with water/andonly(alcertain local[point/avolume ofldiris[present.

In'the first(situation, the basic eéquation [for wave speed[(1) 15 valid. The(resulting [period Wwill[be T
Inlthelsecond[situation, thelperiod TTWilllincreaseldueltolaldecreaseloflthe[Wwavelcelerity.[The
equation [for the wavelspeed [forwater with homogeneously imixed (gasmay not/becompletely valid
for(situation[2,[sincelair[bubbles will [beintermittently [fransported[at/the ipper(sideloflthepipe’s
diameter. [In[the(third[situation, [the[system[¢anbeltegarded as/twolsubsystemslin[betweenlalgas
pocketiandthesystemsboundary. Theperiod Twilllincreaselduelto’alocalldelayofithewavelspeed

atlthelairpocket:
T= 2L +AT (5)
c

ref
Thelwavelceleritylin[the[subsystems will have the[reference value, [sincemoldir[is present. All [three
situations(c¢an [be [tested [in [the [éxperimental [setup. By donductingldspectral [analysis, [the[periods T
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are(reflectedlinthe frequency/domain.(A[FastFourier Transform Operationis[dpplied (to the[pressure
timeseries thatwere recorded(at/several locations/alongthe pipeline.

In(practice, air(and[gaslin/pipelines/canbeldivided in[twomain ¢ategories, local laccumulation for
example/at/highpoints(and(air(that(is[spread (0Over[thelengthofthe system. Theléxperimental [Set[up
isldesigned/in(a[manner that/both(situations/can belinvestigated. LLocal [d@ir[pocketsdrelinvestigated
bylinjecting(an/amount(oflair(into(alvertical [standpipe(thatlis[¢onnected [folthe tain(lineWwith[a[ Tl
junction. Iflair[that[is[ equally[distributed over[the[pipelinelis investigated, thebranchloflthe T[]
junctionlisclosed/andair(is introduced [in [the[system(at/the beginning[of'the [pipeline.
Thepressure(wavelisintroduced(to/thesystem/by[changingthe[speed [oflthe (pumplin(a[controlled
manner.[ The tamplaswelllas[themagnitudeloflthe speed ¢changeloflthe[pump¢an belvaried. By
loweringthe [speed [0fithe pump, [an/under pressurewill(énter the System that will reflect(either(atlthe
end(oflthelsystemand /Ior atlan @irpocket.

Experimentalsetup

Thelexperiments|are conductedlin(aldedicated facilityfor(researchlonlair/gas[pockets. Thel¢ircuit
consists[0f(625 m Tong PVCpipewithlinneridiameter(0f[235,4mmand@Wallthickness(is[7,3 mm.
Atlfourllocations[(seelarrowslin[ Figure[1),transparent[ T[junctions|are[applied[that[¢combine the
ability[oflvisual(observation[and(the[possibility [fo[¢ontain al¢ertain[amount oflair(atla fixedpoint
along(the[pipeline.[Thelcircuitlislocated [indoors 0flallarge(facility (building/and[is(situated ‘on/the
concrete[floor. [The pipelineis(supported by[steel [Supportsiatieéachpipelsection[(10mTength)and
wooden[blocks[ tol preventl sagging[ of! thel pipe. [ Thel circuitlis[ sufficiently! flat[to[ guarantee an
unhindered(fransport[ofithelair[bubbles.[Good supportlisialsomecessary[fo minimise[negative[side
effectslof!fluid structure [interactionson the line[pressure [during [pressure[transients.

Airl¢an belinjected(into thelsystemintwo different manners. [Ifltestsare[tequired [withlocal [air
pockets, [air[is[locallytrapped(in vertical [standpipes[(branchloflal T junction)at several [locations.
Figure2[shows alayoutloflthe/standpipeused. Theldiameter(oflthe standpipelis(équal fo[the main
pipeland(the heightlis[1.00[m. At the[top oflthelstandpipe, two tapping arelappliedtolinjectand
releaselair[and[folinstall[alpressure fransmitter.[During[éxperiments[with[local[air[pocket(alfixed
amount|oflairlis(injectedlin(the[standpipes. By[reading the water(levellin[the standpipe(thel¢xact
volumelis obtained at(the initial Tine[pressurelatlstationary[flow ¢ondition. Threellocations oflthe
standpipe[ have! been! tested.[ Thel locations/ and[ thel corresponding! subsystem! frequencies’ are
presented(inTable(1.

Table 1. ILocation[oflthe(stand [pipes(and the[characteristic frequency (0flthe [Subsystem

Totalllength =625 mI(L) Distance!(IL1 [from the pump DistanceI.2 [to [reservoir
(characteristic[frequency) (characteristic frequency)

Loc(1 99[11{1.50Hz) 527111{0.28 Hz)

Loc2 2291M1(0.65 Hz) 397111{0.37 Hz)

Loc(3 39411(0.37Hz) 231111(0.64 Hz)

Loc4 5251(0.28Hz) 101 1{1.46Hz)

Thel¢ircuitlallowslinvestigationoflthe transport oflair(thatlis[Spreadlover/the entire/length[oflthe
pipeline.[Thel facility[is[$pecially[designed(tolinjectlal controlled [andmonitoredairflowinto[the
liquid(phase. For(theseltests, air(is/injected [at/the beginning oflthe dircuit, justldownstream oflthe
pump [(upper [left'side0fFigure(1).During theseléxperiments the (branch oflthe T junctionlisclosed.
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Figure 1. Top view [of thelexperimental [setup.

From'alconstant/head(teservoir(apumplcirculates/water[through theléxperimentallfacility. /A flow
controlvalve (FCV)lin ¢ombinationwith[an [EMF [flowmeter(and [PCladjust(the[flow [fate[to[its[set
value.[Thelinjection(ofldir(into(thesystem [fesults(in(aheadincreaseoflthe pump, [causingthe [flow
ratetodrop. Theflowcontrollallowsalconstant flow [rate[during liead [changes.
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Figure2.ILayout/oflthe(stand pipe

Airlislsupplied by (the[standard 6 (bar [pressurised(dir [infrastructure [in [the building. Alcombined mass
flowmeter[and flow[ controlVvalveladjusts/thelairflow[tolits[set[value. Sincelthelair flowmeter
measures/mass, [theloutputigives[‘nl/min’,i.e.[a[volumetricflow[rate[at normal[conditions (101325
Paland[0°C). The facilityincorporates [the followinginhstrumentation:

range Uncertainty
EMFDN125 0=1001/s <10.25%
Gas[flowmeter 1 350 Hl/min <10.5%
Fourlabsolute [pressure transmitters 0=3bar <[0.1%
Four/pressure(differential transmitters]  1.20(mbar=2.5Bar <[0.1%
Temperature [transmitter 3[to(100°C <[0.119C

Thel facility[ comprises[tappings(at/ 14 [locations, Where[4 absolutepressureltransmitters/ and/or(2
differential [pressure(transmitters (can belapplied. Inlorder [to prevent/air from disturbing [the pressure
measurements, [thetappings/arelocated at/the bottomoflthelpipe. The temperatureltransmitter!is
located!(at(the reservoirlin order to monitorpossibletemperaturelincrease¢aused by [the pump.All
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signalslare(recordedusinganlautomated|datalacquisition[ system/in/which(the applied[sampling
frequencylis[100Hz. Thelacquireddatalarestored onalhard disk.

RESULTSANDDISCUSSION

Thispaper(presents [theeéxperimental [tesults/oflocal dir [dccumulationusing[the[standpipes.[Allarge
numberoflexperimentshavebeen/conducted (with different[combinations/oflair/columnheightland
rampland[magnitudel ofthe speed¢hange. Thelsteepnessoflthelpressure dropland the minimum
valueldepends on(the tampandamplitudelof the speed changeloflthe pump. The[pressurewaves
travels/ihto[thesystem [and reflects Whilelit/attenuates. (A fter l@pproximately[40sthe l@mplitude (ofthe
wavelhas[dropped below [the natural [fluctuations(oflthe line [pressure. Altypical [time series of the
pressure with @and without[an air [pocketlis given/in[Figure(3.
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Figure3. Example/ofialpressure [time series withoutair pocket((left)[and with @ir[pocket (right).

Theleffect/ofithe dir[pocket/on theperiod/isseenin Figure 4. Thelperiod/ofithe wave has/increased
whichlis[presented by @lshiftofithe(first frequency [peak tolthe leftfrom[0.232Hz[to[0.208 Hz.

Thelincrease oflthe(reflection period depends(on(the sizeof'the air[pocketiandits/locationldlongthe
system. [Figure[5[clearly [shows thelincrease AT of thelreflection(periodcomparedto 7T,...[Alsolthe
locationhas(anlinfluencelon(the Valuelof AT.[Although(thelinitial volumelofTthe dir[pocketlisiéqual,
the resulting (period/increaseis[smaller(if'thedir[pocket/is located further [ downstream(0fthe pump.
The[maximum/minimum pressure(tatioduringtheleventlis[at/alocation [downstream[$maller than
upstream[and(the[periodlofTlow [pressurelis/shorter[than at’allocation ipstream. [ This[tesults(ina
smaller @ir[volumelincrease(at/thelend[of’the[pipe/and thereforesmaller/increase in reflection/time 7.
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Figure 4. Frequencylcontentloflthe[pressureltime!series[Withoutlair[(left) and[Wwith air[pockets
(right).
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Figure[5. AT(asalfunction(0flthe(air[column heightfor(differentspeed [changes [and ramp
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Figure!6shows/thelvalues/oflthe[imeasured/teferencelwavelspeed/without!/standpipes. Thelvalue
does[not(vary(significantly ‘with[famp[speed. Theldverage[valuelis [@approximately (295 [m/s Wwhich[is
closeltotheltheoretical values calculatedwithEq.[(1), which (15300 m/s.
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Figure6.[Measurements 0flthe(referencevaluelofithe waveispeed Withoutistandpipes.

Assuming(that[an/air[pocket/will[divide the[System[into [two[Subsystems,|d[frequency [peak [should
appear(around [the[characteristic[frequencyof the length(oflthe[subsystem(shown(in Table 1.

Thel prediction ofl thel location ofl the standpipelis/ bestl given[ by pressurel transmitters| located
upstream 0flthe(standpipe.
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Figure(7. Frequenciesof peaks/between!125and (270 for standpipeatilocation/1[(right) and(2
(left)

TheldistanceofTstandpipe 2 [is[229m from [the [pump. [Figure[7 [(left) [Shows [the peaks [found Within[a
searchl window|tanging between125and[270m[form[anlupstream! pressure! transmitter.[ For[the
situationlofTthe standpipelat/location[1[(right)[all[peaks[(maximum[value[within[the Window)are
found!(at(theledge oflthesearch/window meaning(that/only [Tower values/werelin[the[centre of the
searchwindow. The distanceoflstandpipe(lis[99m from the [pump. Figure8((left) [showsthepeaks
foundwithin(a'search(window(that[fanges from[79/and[122m (atupstream [pressure/transmitter. For
thelsituation[ofTthe standpipelat[location[1 [(right) almostlall[peakslarefoundlat theledgeloflthe
search/window meaning thatlonly lower values were in [the [centre (ofthe[search (window.
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Figure8. Frequencies/ofipeaks/between (79 and[122m for(standpipelatlocation 2 [(right) and 1 [(left)

Inlreal wastewater [pipeline, a/priori knowledge (ofverticalepipe [profilelisavailableand(therefore
information/about/the locationoflhigh[pointsshould be assessed first.At/these High points/air
pocketswith differentsizesdanbe modelled iumerically [(using the'Wandal(3.50 [Software for
simulating/transients [in[pipeline system),(and varied hintil[both[the measured [and[simulated [results
agreelwell. TLubbers/et(al. (2005)[show results 0f the Mumerical Simulation ising this[software.

CONCLUSIONS

Itfisfairly[easy [toldssesswhether [dir[pocketsare present(or Mot. Thelexperiments show [that[the (first
peaklin[thelfrequencyldomainloflthe pressure timelseries ¢changesliflairlis present. However,[to
determine( thelocation[ and[ sizel from[the! frequency domain ofl al pressurel timel series is hot
unambiguously[beldetermined. Thel frequency content hot only changes with[air[volumel and
location/butalsoldueltolocation of the[pressure transmitters/ with[tespect(to(the air[pocket. Also
prior[knowledgeloflthelair pocket/locationlisnecessary. In[teal [Systems[thismeans that[from[the
pipelprofile, high[points(should/beidentified first.[Atlthese high[points airpockets/with [different
sizes¢an[belmodelled mumerically [(using [the[Wandalsoftware[for simulatingfransientsin pipeline
system), and [varied [until(both the measured [and [simulated(resultslagree.

Further(analysis[oflthe test/data/will[(be[performedin orderlinterpret/and analyse(the differencelin
locationand[Volumeloflthelair[pocket.[ Thelaim[oflthelinvestigationlis[to[belable[toldiagnosela
pipelinesystemlinaway that(thelocation/and/the @mount(oflair/can/be(determined.
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