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Abstract

InltheNetherlands, Wastewater(is mormally[dollectedin[combined[sewer [System and [pumped
tolthe'WWTP through(pressure(mains. These [pressuremains are(dpart of thesystem that(did
notlreceive muchattention lately with respectto thonitoring [0f [performanceland haintenance.
Alrecentlinventoryshowed that(about Halflofithe [pressure mains(suffer fromlincreased
pressureloss[for mol0bvious rfeason. Reduction[0fithe[systemsmominal [dapacity thay [bBe
caused By many[things, [such(as/increased Wwall foughness, [scalingland loccurrence of(free(gas
inlthelpipeline. [Free(gasmay becaused by degassingofidissolvedgas, Butlalso by air
entrainment atlthe [pump’slinletiorat/airvalves.

Experiments havebeen/conducted with[IDN200 pipes to [ihvestigate ‘the influence 0fléntrapped
gason/thehiead loss(oflwastewater(systems(on/the transport phenomenalofigas. Theldritical
flow velocity [to transport/gas/in[downward inclined [pipes [isihvestigated s [d[function [0flthe
pipelanglelandwater flow rate. This[paper(describes the first results[ofithe [@xperiments.

Keywords: [Wwastewater [fransport mains, [¢apacity [feduction, ‘gas(liquid [mixture éxperiments,
phenomenonl(description.



1INTRODUCTION

Thelhydraulicl¢apacity[oflpressuremains(does/¢hangelduring/its/operational(life[because[of
scaling, [theoccurrenceloflair/gas pockets, wear [0f [pumps|etc. [In [practicalcases/it/is Mo [frivial
task[tolidentify[the[cause ofl capacity[loss/in[thelfirst(place. Tolfindlalsound[solution forla
‘problematic’[pressuremain(isinthany(dases@ven more(difficult/sincelinalsignificant mumber
oflcasesla/basic/design/problemof the pumping(station'seems/tolbelthelcause. Freelgaslin
pressurised[pipelines/mains(c¢an(significantly [feduce(the flow [¢apacity.[When[the capacity[of
wastewater| pressure/ mains| fails tol belin[line[with[thel[ design(¥alue, uindesirable! spillslor
efficiency loss thay be [the result.

Delft[Hydraulicsland Delft[Wniversity lof Technology [started [an eéxtensive research programme
in[2003 [intotheseprocesses. Thelobjectives0flthis [programmelare:

11 Developinglamethod toldiagnose the cause(of'capacity loss/oflapressure main.

11 Getlinsight/inlthe[processes andmain pParameters influencing(scaling.

11 Alquantitative linderstanding oflthe [processes/involved/in theldynamics/oflair/gas

] pocketslin/pressure mains

[l Obtain/a/better code0fldesign [practicelin terms(oflavoiding/scalingland(the/occurrence

T oflpersistent(air/gas/pockets/inpressure(mains.

In(this[paperonly(the thirdobjectivementionedlis[addressed, discussing[preliminary tesults
only.

Atlpresent,l only[little[is[known[ aboutl thelinfluencel of! thel wastewater[ properties/ on!the
transport/ofTair/gas[pocketsin[pressure mains whenl¢omparedfo¢lean [Water.[The generally
usedlequations/for(dritical 'velocity 0flgas transport/(e.g. Kent[(1952), Wisner[(1975), Walski
(1994)lare(based[onléxperiments carried [outWith[¢lean Wwater[and Smallpipeldiameters. Tt is
likely [ that! for[wastewater[ with[its[ divergent[ properties[ compared[ to! clean[ water[ these
equations aremotvalid.[Figure[1 [shows the[differences/in(critical [velocity [given[in[literature.
Some [preliminary [results 0fithe Delftéxperiments areihdicated (also.
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Figure(1: Critical velocity as a function of pipe(angle.



2AIR(INTODUCTIONIN RELATIONTO PUMPINGSTATION DESIGN

Free(gas/can/belintroduced [to [the[system/ih thany ways, [such(as biogas/that[dissolves atlow
pressurepoints/alongthe pipeline andmalfunctioning(air) Walvesthat(arelocated [at Tocations
below [thehydraulic(grade(line.[Some(design features/of wastewater [pumping/stations tay
causeintroduction [0flair [into [the system. [A [few [possible(designflaws are(discussed hereafter.

2.1[Sewer [supply pipe

Thelsewersupply [pipe[to the[suction reservoirisloften(located [purposefully [@abovethe switch! |
onllevel, to(drain/the/sewer asmuch/as(possible. Theldownside to this/designis[that the[Sewer
water(dlways/enters [the feservoir(as/aplungingljet, €ntraining [large @amounts 0f1air [into ‘the
reservoir(water. A lot/oflthe[sewer [reservoirshavelalcompact, rounded offldesign [in[order to
keep(solids(intosuspension/and o prevent/the reservoirfrom beingclogged. Thisdesign
results(in/alshort/residence time(of'the wastewater/and[thus(causing [increased risk [0f
transporting [theair bubbles furtherinto [the[system. [Figure 2 left'shows anléxamplelofia
standard [pumping station. The bottom [0f'the [sewer Water[supply pipeislocated atthe Wwater
levellatiwhich(the pumplisswitched (on (MAXIWL).Figure 2 rightishowsthetop view 0flthe
reservoir. Thelsewer [supply flow [plunges/inbetween [the two [pumps, [éntraining @ir(tothe
pumpsuctionarea.

/] v A5

¥

(/] % [ ]

7 MAX WL [_ [_} 4

7 ~ é

|

7 MIN WL >
V'<Tﬂ 7;7}7

Figure2: LLayout(of(a/standard/sewer pumping station

Figure3ishows/alpicture/oflaplungingjetiand/the(arealwhere theentrained @ir(bubbles are
present. [From [the(leftiside the Water(is [dropped from [dhoderate [distanceabove[the Water
surface. Thewater depthlatiwhich(adir/bubbles arelentrainedlis/éven/larger than the drop
distance. Iff'the Water(inthe suction [reservoir(is[in motion, alargequantity (oflairfis likely to be
sucked!in the [pump [and [transported [into [the [pipeline [System.



Figure 3:/Air/éntrainment at(aplunging jet.

2.2[Checkvalve

Figure2[shows/alstandard layout(ofialsuction(reservoir/ofiawastewater[pump Istation. [Check
valveslareoften(located/in(the vertical [stand pipe between(the pump [atithe bottom[oflthe
suction[reservoir(and thehorizontal transportpipe. 'When [the pump[shuts off, the (check valve
closes. Ifithe(check valvelis located abovethe water level [0f(the suction reservoir, [the [pressure
oflthe Water columnunder the (check valveis Below atmospheric(pressure. (Cases [are known[to
havehinder [pressures0f'6 m hipstream(ofithe(check valve.[Solvedigas/dan(dissolveandforma
gaspockethinderthe/check(valve. In/theworst/case[thewater(columncan break [and(alargeair
volumelwillbe [present betweenthe [pumpland ‘the [check [valve. The mext/time ‘the pump
restarts, ‘thelair(or(gas[pocket/is transported[further ih the [system[possibly [causing/capacity
reduction.

2.3[Submergence ofthe pump

Airlcan[belsuckedinto [the pump by [dir [entraining [Vortices|ifithe Water level [t the [pump’s
inlet(is[foolow. [Thecritical submergence 0flthe[pumpdependsoninletvelocity, inlet
diameter(and geometry [0flthe [pump [and reservoir. [Ifithe (critical submergence is known, based
on'e.g.léxperience or odel testing, [the dppropriate [switch[off Tevel dan(belassessed.
However,[depending(onthe system(the flow does mnot/stop immediately 'when [the pump [is [shut
off'due toinertia oflthe water in the System.
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Figure(4: Waterlevel of suction reservoir/and subsequent/discharge after pump shutoff

Tolillustrate thissubsequent flowthat/dould bedelivered after [pump(shut(off, [d[simulation/is
carried out[for[alsimple[pipelineSystem. The[system [Gonsists[0flasuction reservoir Wwith 10
m?, @ pump Followed By @ check Walve, 500 th6f steel pipewith innerdiameter0f300 hm
andlendswith[areservoirwith(donstanthead. [At[ti=0[Seconds/thehead 0f both reservoirs(are
atl0m/and[thepump(isshut/off. Figure4/showsthelsubsequent(delivery(ofiwater(and the
resulting Water(levelatlthesuctionreservoir @fter [pumpshut'off. Thelcheck [valve closes after
90 seconds. [The [fotal Water Wolume subsequently delivered Has been 2.9 m’. Tt (is assumed that
nowateris[supplied from[thesewer. In[this[éxamplethe Water(level dropped 29 [cm[after
pump(shut(off. Figure(2/leftishows/apumpingstation/andlitsswitch offlevel (MINIWL). [For
this[pumping/station/thereis@significant/possibility [that(airis[éntrained in [this [fime interval.

3[EXPERIMENTAL SET[UP

Alshortléxperimental looplisbuilttolinvestigate[the behaviour [0f free gas(at(highpoints. The
experimentsare conductedlinlaldedicated[facility[for[researchl onlair/gas pockets thatlare
located [dt/the[transition from (horizontal 'tolinclined [pipes. The facility [((Figure(5) is[specially
designed(tolinject/alcontrolled [and monitored @irflow [into [the liquid [phase.

From[al¢onstanthead teservoir(a pump(circulateswaterthrough(theléxperimental (facility.[A
flow(control valve (FCV)lin[combination Wwithan[EMF [flowmeterand [PCladjust/the flow rate
tolits(set[value. Thelinjection ofTairlintothe[system [tesultsin[ahead increase oflthe (pump,
causing|thel flow[rate tol drop. Thelflow[controllallows[alconstant[ flow[ratel during head
changes.
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Figure(5: Top(and side view/(of theexperimental set up.

Airlis[supplied/by [the[standard (6 [bar [pressurised [@ir[infrastructure(in the Building. [A[dombined
mass/ flowmeter[ and[ flow ! control[Vvalveladjusts(thelairflow![tolitsl setl value.[ Sincelthelair
flowmeter[measures[mass,[the output[ givesnl/min’,[i.e.[alVolumetric flow rate[at[mhormal
conditions|(pressure(101325[Paland/temperature(0°C).

Theltest/section(consists/oflan upward[sloped section(that/incorporates/the injection point/of
thelair.(Thissectionis [followed by a[90(degree mitred bend [andahiorizontal l@approach section,
aldownward sloping[sectionlandlalhorizontal section.[ This[$ectionlis madelofl transparent
material[(Perspex)(with(an/inner(diameter(0f[220 mm. [Flexiblehoses[connect/the fest[section
tolthe(reservoirdnd [pump. Thel[water/air mixture feturns [to [the [reservoir 0overlalweirlinorder
tolstrip [dsmuch/airaspossiblefromthe water.



Thelfacility [incorporates [the following instrumentation.

range uncertainty
EMFDNI125 0=1001/s <10.25%
Gas [flowmeter 1 F50 nl/min <10.5%
Twolabsolute[pressure transmitters 0Z3bara <10.1%
Temperature [fransmitter 3to100°C <[0.11°C

Thel absolute! pressurel transmitters| arel located[ in[ the upward[ inclined[ section[ and! the
downstreamhorizontal ‘partloflthe(test/sections. [Inlorder[to[prevent air[from[disturbing[the
pressure measurements,  thetappinglis[locatedat the bottom[oflthe pipe. Theltemperature
transmitter islocated (at(the reservoir(in/order tomonitor possible temperature increase caused
by(thepump.

Alllsignalslareltecorded ising[an’automateddatalacquisition/system/in/which/the[sampling
frequency(canlbeladjusted manually[tanging between[0land[10kHz, [thelacquired[data are
stored(on'alhard(disk.

4 TRANSPORTMODES OF AIR/GASPOCKETS

Thelprocesseslinvolved[in(air/gas(fransportlin Waterdre Wwell (known [dnd motvery [omplex [in
themselves:

17 Buoyancy

[ Drag

I Equilibriumfin[surfaceltensions [(water/air/wall)

Yet, [studying/(the transport/under(stationary conditions/(constant(water and [dir/gas discharge)
reveals[that[chaotic behaviouroccurs. Infaldownward[inclined [pipelitlis[$een(that[at[low
concentrations ofl air/gas[thelair[ bubbles! stayl smalll (order  ofl magnitude[ 10l mm), these
bubbleshavelarhighldrag/buoyancy [tatio[(Figure[6, left).[When[¢ither[decreasing/theWwater
dischargel orlincreasing| thelair[ discharge, bubbles[show[altendency!tol aggregate! forming
larger[bubbleshavingalsmalldrag/buoyancy!(ratiol (Figure 6[tight). This leads forllarger
airflow tatestolal¢haotic[processlinwhichld[stream ofllarge air[pockets/plugs/flows upward
(inlthelopposite[directions[asthe Wwater[flow)[Wwhilelalsecond stream[ofl Smaller (bubbleslis
beingtransported downward[(Figure(7).
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Figure(6: LLeft:[Small(bubbles moving downstream, Right: Air pocket/movingupstream.
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Figure[7: Dual mode(flow, Iarge(slugmoving upstream, small bubbles moving
downstream.

Aggregation ofl air bubbles(is[ al process! controlled[ in[ part! byl surfacel tension[ and[ by
turbulence; [the[quantification[0fTthishowever, Wwill belinvestigated lin moredepthin [the restof
the research(period.

In(this[dual flow mode’muchénergy(is Tost[Sincelin[d[given[céross/section(alargepercentage
oflthis(cross section [i5 air.

Anotherlinteresting[ processis[themanner[in[which[air/gas[ pockets are transportedlinla
downward facingbend.

Figure8: Leftshows smallair bubbles moving through the bend, Right'shows anair
pocketiacting/as/buffer.

Smalllair Bubbles(arereleased fromthe dirinletpoint. Theseldir bubbles are transported by [the
waterfowardsthe bend. At sufficiently Thigh [Water[velocities, [thelair[bubbles[pass the bend
unhindered [dnd [fun'down [thelinclined [part/(Figure 8(left). In this[transport/modedir transport
is[controlled by (the dragofitheWwaterflow[on[the smalllair Bubbles. [Atthelinclined slopelthe
air bubbles/mayaccumulate!into[larger(air pockets/ that/ tun[upstream[ifl their(sizelis[large
enough, because ofT their[increased[ buoyancy/drag[ ratio. This[ air[ pocketl stretches! from
upstream [ of! the bend[ and[ forms(al fbuffer’[ (Figure 8[tight).[ Now,| thel smalllair[ bubbles
introduced(at(thelinletfirst merge[with[the air[pocket in the end. Smalllair bubbles thatlare
ripped(fromthetail ‘of(thelair[pocket by turbulence cause!air transportfrom the 'buffer'; the
mechanism [for(air(transportfismow different. The[presenceloflan@irpocketplays(alsignificant
rolelin/the transport/ofiair.



SIPRELIMINARY RESULTS

For[different(slopes(30°,120°,[10°[and5°) thehead loss Between [the [two [pressure [fransmitters
wasmonitored for(alargerangelof'water(and air/discharges.

Theltime(scalelatiwhich[the phenomena(take place tanges from[tenths oflseconds(tohours.
Especially(thelsituations(c¢loseltolthel¢ritical [velocityland [$malllair(discharges show[alslow
adaptationto/changed (donditions|(e.g. larger flow). Initially, [theair[discharged from [the [tail l0f
the buffer’(maybevery[¢loselbutnotiequal tolthelair[supply. Thelair[pocketlis/growing but
the/grow [rate(is Mot Visible by eyeandcanlerroneously [be taken (asstationary.

Thelupstream(and [downstream pressures[are/sampled and [the [pressure differencelis[plotted
during(festing/on(alargetime Scale. [Figure9showslanléxampleloflaltecord [oflan(air pocket
growing. Only(ifithe pressure differential linelis at/aldonstant(level, ameasurementlistaken.
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Figure 9: Airpocket/growth over(aperiod(of30 minutes

Asl[soon(as/alstationary(situationwasachieved, [thefollowing[signalswere recorded; [the Wwater
and [ air[ flow/[rate,[ the[ ipstream[ and[ downstream/[ pressure and[the ater[ temperature.[ All
signals’havebeen(tecorded for(30secondswith(alsample rate(0f[100Hz. The sample rate is
sufficiently high [to followthe “spikes’(in [the [pressure(difference(signal (Figure(10).
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Figure(10:All[samples/over(aperiod of 2 seconds 0f/a pressure differencetime Series.

Theliean[Valueland(standard[deviation[oflthelsignalslare[taken per[measurement. Further
calculations dre(carried outwith thethean(values. Thelenergy loss'shown in[following figures
is[calculatedby[subtracting the static head Aloflthe[pressurelsignal p.Theltotal [énergy(loss(is
defined las:

A]_Itotal = M_ (h’l - hZ) H
PE

assuming| that the[velocity [ head! differencebetween/location[ 1 and[2[is heglected. After
measuring[thehead Toss [forlonly Wwater(over[theflow [fange (5 [fo[651/s(or[0.15[fo1.70[m/s),
the lowest(flow ratethat/could discharge [the minimum/airflow [rate (1 ll/min) Wwas/determined.
IfT that[ tesulted[in[alstationary[ condition, [ the airflow( ratewas[increasedin[ steps[tol the
maximum ! flow[rate[(49 (nl/min).It[appeared/that/for[all (Wwater[Velocities air(is transported.
However, [at[moderate[flow[Velocities, [anlair[pocketis[present over[the fotal lengthoflthe
inclined [part(ofithe test/section, which results inlathaximum headloss.

Forllarger airflow(tates[(>[10nl/min)[the tesults do/not showlarge(scatter(in the head[loss
values.[Afterlal flow rate[ change, the[ flow[ patternsidevelop[relatively[fast[tolal$tationary
situation./Atlthe/downstream eénd/oflthe air[pocket, [small(air Bubbles move downstream (while
airplugs(being/formed/fromlaggregation oflsmallerbubbles) movepstream.

For[$mallerlairflow[rates[(1[to[5[hl/min), the[flow[patterns may[develop verylslowly[tola
stationary| situation.[ Transition times[ may[ golupltolanl hour. It(is[ observed!that[thel flow
patterns(differ atlequal flow tate[¢onditions, depending[onthelinitial[State. [ If[smalllairflow
rates(arelinjected/in/afullyfilled[pipe/astationary(bubble flow conditionisyielded without/an
airpocket((Figure[8left), [tesultingin littlehead [loss.If, [on[the other hand, [an[air [pocket[is
already/formed(and(thelairflow tate(is/decreasedto/thelsame smalllairflow tate(a(stationary
condition(is0btainedwith[an(air[pocket/and thus/allargerhead loss/(Figure 8[right).

Figure(11[shows themeasuredtotal head loss for different water flow [rates for[the (5 ©[bend.
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Figure(11: Total head loss(asafunction of the water flow [rate for the5?bend.

For(largeairflow [rates, the headloss line[seems [todecrease(linearly [with(water (flow [increase
tolthe headloss[values(corresponding [to[the pure(water (values. For(smaller(airflow rates, the
headlossshows[alsuddensteeperdecreaselat0.75 m/s.

Thelcdontribution[ofTthe [presenceloflair(to(the fotal lenergyloss(is dassessed by subtracting[the
energyloss/oflthe[pure Wwater flow (thesolid linelin Figure(11).The contribution [0flthe(dir(to
theenergyloss/is:

2

VR s R

pg 2g
in[which Egeom!thelresistancel factorlis for thel geometry. Figure[12[shows[the head[loss
contribution! of thel presencel ofl air.[ For[thellarger| airflow!tates, [ the head[loss[atl constant
airflow[seems [to[drop [linearly Withincreasingflow [rate. [For the Tower(dirflow [fates, the head
loss(linedecreases(tapidly [when[the water(velocityincreasesto[0.75 m/s. It[should [be noted
that(thesel(lines(are(for(stationary [conditions. Theladaptation/period, [i.e. the time it takes for
theldir[pocketto[decreaselin[size, when(the Water [velocityis(changed from/(say (0.7 m/s[to (0.8
m/s(isfih [the Orderof magnitude [0f[10 minutes.
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Figure(12:Head loss caused by [air for the S °bend.

Additionally [to[the electronic/observations, Visual l0bservation has [beendonductedalso. Using
markings! on/ theltestl section,[the[length[and[location[ of! thel air/water[ surface havelbeen
recorded. By determining/the Tocation(oflthe [phase [transition, the Froude mumberand [specific
energy/can/beldssessed. Theselmarkingshavebeenladded(at/locations i[136,13,15/4272(102
132[162land 212 cm. Theminus/sign/indicates(allocation ipstream(of’the bend.

Froudenumber(and(specific/energy atlocation ilaredefined as follows:

Fre——Y
gD, cos@

2

E =y + Q.

284’
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Figure(13: Specific/energy/curveland Froude(for the10(°bend

Figure(13 [shows|the specificlenergy(durve for(alwater flow rate(0f(40 1/s for(the 10(%bend, the
valuesmeasured(alongtheldir pocketfromdocation 34’ ((mosteft[point)fo "2 12’ [(most(right
point)[and their[¢orresponding Froude Values. Similar(tofree(surfacelweirs, the free surface
flowlacrossthe bend[tends [fogo [foits inimum €nergy level [corresponding [fo[Froudeis 1.

6 DISCUSSION

This paper presents/the firstresults of(the studyon/dir[pockets/in[pipelines. Smallair bubbles
are[responsible(for(thefransport[ofiair, while Targe dirplugs flowingldgainstthe stream(cancel
outpart0fithe air(discharge(at/the same time. Regarding velocities thattransport|air, [itishowed
thatTower Welocities Where found [thanin [the previous [studies hentioned [(see [Bigure(1).

Partloflthe problems[duelfofree gasin[pipeline(systems(is[caused by air[thatlis[éntrained(at
pumping/ stations. When[ designing hew[ pump! stations| greatl effortl should[ bel putlinl the
prevention[ofldir(éntrainment. [For[eéxisting [pumping stations(that[suffer fromdir[éntrainment,
modeltests/dould provideleffectivelsolutions.

Ifldesign(changelis(not/possible, a sufficiently (high [Water [Velocity¢anldbtain(the femoval (of
gas/air(in[a[System.[Another[option[isfolapply dirvalves attherightTocation. At[the30°[and
20°lit/islobserved [that/theair pocketwas dlwayslocated at(the bend. The flow could mot/drive
itlthrough(theBend. Forlthe10°[case, theldir[could beldriven(through(the bendlinthe[caselthe
air[supply Wwas/stopped. Forlthe[5°[caselthe dir[pocket/was(alsolocated/at/thelinclined part.[An
air(valvelat/the highestpointiwould Beineffectiveforpipelineswithsmallinclination. Albetter
understanding [0flthelair[pocket(behaviouris[éminent, [Whendesigning the location[oflthelair
valves.



Further(tesearch[willl focus/on[to[what[éxtent[the open[¢hannell flow propertiesand(theory
relateto(the dir[pocketsih[closed [Conduits.

Thelmixingzone downstream/of'the(dir pocket shows bothopen/channel [phenomenalsuchl(as
the[ flow[inlaliater[ jumpbutlalso closed conduitl phenomenalsuchlaslthe plugsmoving
upstream.Further(research (will[focuson(describing/these mechanisms(that/play a(rolelin/air
transport.
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