Gas[pocketsland/hydraulicjumps/inpressurisedpipelines

(Void{raction theasurementsWith[dptical fibre [probes)

ABSTRACT

In[practice, lit[proves [to (be(difficult/to[completely [degas pipelines (or tolensure thatfree (gas/is[not
entrained(inthe [pipeline/duringOperation.[A fecent/inventory @mong Water [Boards [in[the
Netherlandsshowed that halflofithe wastewater [pressure lines [Suffered from/an increased(pressure
loss [formMolobvious reason. Reductionoflthe[system’sMominal [Gapacity [can [bethe resultiof hany
causes; increased 'wall roughness,scalingor[theloccurrencelofigas(pockets.Gas [pockets are formed
either By degassing 0fldissolved gas/or By @irléntrainment(atithe pumps’ inletoratairvalves. In
practice, [stagnant airpocketsand subsequent hydraulic jumps (will loccur [frequently(sincethe
required|criticalvelocity lisHigherthan(the actual flow Velocity. Thispaper(describessome results
oflvoid/fraction heasurements [performed!at(afacility [designed[for investigation|oflair[pockets/and
hydraulic jumps. Experiments/have been conducted[to investigatetheinfluenceloflpipelinclination,
flow Welocity[on the distribution [0flair[downstream (0f the Hydraulic jump. [Thedbjectiveis tolobtain
a/betterinderstanding (of'the possible flow modes [in[gas/water mixtures ‘and[characteristics [0f
hydraulic jumpsinlpressurized [pipes. Based [on there results, eventually, amodel (canbeldefined
with whichitfis possible [fosimulate @ir/gaspockets(in pipelines.
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INTRODUCTION

Alpreviousstudy(Lubbers/etal.,[2004) showedthat afairly largeflow velocity lisnecessary [to
avoid/gaspocket from/dccumulating/at'high[pointsin pressurized pipelines. In[practice, [stagnantigas
pocketslandsubsequenthydraulic jumps formation/occurs(frequently. In[wastewater [pressure ains
however, the dccurrence lofhydraulic jumpslis motldeliberate [since they reduce ‘the [dapacity [oflthe
system. Tt[was(alsoshown [thathydraulic jumps(act(as/transportation hechanism,as it breaks ip ‘the
largelair[pocket/intosmall Bubbles havinga/different/drag/to Buoyancyratio. By/choosing(the
optimum [ihclinationangleland[flow velocity [inthe [design/phase, dccumulated dir¢anbe broken
downandremoved (in/anlefficientway during[periods (oflarger flow rates. Hydraulic jumps/in
channelshave(been(studied thoroughly by mumerous researchers. Theirlapplicationin/channels asa
means [0flflow[control is well inderstood. [Hydraulic jumps(inpressurized pipesshow(d[variety [of
differenthodesoflair(transport. Theldistribution(oflairin/the hiydraulic jumplis[determined by
measuring the void fraction at/several locations with optical fiber[probes/usingahighsampling
frequency. Thevoid fractions/are teasured(forarangelof[Froude mumbers, linclination/angles and
distances/from[the[foot/oflthe jump. Thelobjectivelistolobtain d/better linderstanding oflthe (possible
flow thodes [in[gas/water mixtures/and/characteristics ofhydraulic jumps/in pressurized [pipes.

METHODSAND MATERIAL
Theleéxperimentshave been/conducted [inla[two phasetesticircuit. The facility domprises [@[perspex
test/section [that/donsists(oflahorizontal l@pproach(section, amegativesloping/section, followed bya
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horizontal discharge part. The langle 6flthe linclined [part ay [be Varied in [the Ffange [0f'5 °land 40°, (6f
which/inthis stage (OFP teasurementshave been conducted at5 °and 30 °.
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Figure(l. Side view ofltest/section

Thelinsideldiameter (0flthe Perspex [pipes(is 220 mm. [The water flow [is produced by [a[pump [and is
controlled by alcontrol PC [thaticommunicates with an[EM flow meter [andadlcontrol valve.
Thelairflowlislihjected hipstream(oflthe testiSection by [alcombined flowmeter /[flow(control valve
thatreceivesair[from/al6 barsupply [System. An optical fibre probedetectingdir/waterboundaries
based/onthe(differencelofirefractiveindices0flairland water determinesthe Tocal Woid/fraction. [Two
optical fibreprobearrangements(arel@pplied(atthelinclined [Section[opposite to [@achother, they are
mounted On(a/traverse mechanismtocontrol the
location ofTthe [fip[of'the Optical fibre probe
perpendicular [tothe axis 0flthepipe. Tts[locationlis
readfrom(alscale. Both[probesican fraverse beyond
the centre(linelallowing [for(an/overlap. The
combinationlofiwater [[and @irflowwasselected [fo
producelalhydraulic[jump ipstream(ofithelocation
oflthe [Optical fibre probe. Forlthe5°angle,
measurement/series(aretaken at/40(and 471/sland
for(30°at301/s'and4011/s.

Whereas [forhiydraulic[jumps(ih[open channelsthe
airlislentrained from(the atmosphere andlis [present
inlabundance, theair(in thetest/sectionis[supplied
andcontrolled by airlinjection. Thellocation(oflthe
air/pocket(varieswithairflow [rate. Thiseénables
controloflthe distance 0flthe theasurement/location
relativelto(thefootlofithe hydraulic jumpto be
altered bychanging(thelairflow [rate.

Figure 2. Optical(fibre probelarrangement.

Gaslpockets/and hydraulic jumpsin[pressurised [pipelines, [paper mo. 129



Table1. List[0fltests

S MIITIITIIQw =40 1/s SCMIITITITITQw =147 1fs
Qal(l/min) h X U Fr Qal(l/min) h X U Fr
1.8 0.10400 12700 2260 2.24 6 0.10900 10000 2.5100 243
1.9 0.10400 12700 22600 2.24 8 0.10700 750 25700 2.51
2.0 0.0961 81 2.5200 2.60 9 0.10700 730 2570 2.51
2.25 0.09600 60 2.5200 2.60 10 0.10200 450 2.7200 2.71
30° IIITITIIITITQwW =30 1/s 30°(IIITTITIQw =40 1/s
Qal(l/min) h X U Fr Qal(l/min) h X U Fr
1.5 0.060C1 26101 3.5611 4.64 2 0.1181 37100 1.930) 1.80
2.5 0.060C1 23801 3.56L1 4.64 3 0.10901 35300 2.1400 2.07
5.0 0.0561 21401 3.9300 5.30 10 0.09501 33201 2.5500 2.64
9.0 0.0561 19301 3.9300 5.30 15 0.090C1 31300 2.7200 2.89
15 0.05801 17200 3.7400 4.96 25 0.07700 29100 3.3700 3.88
25 0.0561 14100 3.9300 5.30

Theloriginlofithereference [frame((x,z)(is taken[atthe bottom [oflthe [pipe wall, [perpendicular [to(the
location/of'thefoot(oflthe hydraulic jump, where the incoming water(depthlis /.[As[thewater flow
rate(is[Kepticonstant’and/the flow [rate(oflair(is Varied, [the valuesof /4, Uland[thereforeFroude
number vary [perseries.[An(overview 0fthe differentmeasurements/is(given/in(Table (1.

Figure(3. Pictureloflahiydraulic jumplinfaiclosedpipe.

RESULTS/AND DISCUSSION

Applied(theory
Theresults(are/compared with[the findings of Murzyn et(al.[(2004) where possible. The €quations [fo
describelthe void/fraction Clispostulated by Chanson((1996)/and reads:

Oox ox Oz 0z

ulrepresents/thevelocity [atthefootlofithe hydraulic jumpand Dlaldiffusion(coefficient. Forlthe
bottomIregionlonlalgiven(vertical [plane x,the void fraction [profile/should satisfy [the form:
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X

Cx,z)=C,,. exp( igwj ©)

Cnax 1slthe haximum void [fraction(atTocation (X, z....).Forthelipper fegionof’an(openchannel
hydraulicjumpl(a/solution/given by [Brattberglet/al.[(1998) forthe eédge oflwater jets/discharginginto
air(is[suggested(that follows [the [form:

C(x, z)——{1+erf[2mﬂ 3)

whichlis[alsolalsolution(to [an@ppropriate(diffusion/equation. Thelocationwhere Clis[2[i5 z.50,and
Clreaches!l as z[goes [toinfinity. The upperregion/ofthe hydraulic jump inapressurized(pipeis
bounded /by [the [pipewalllinstead oflair. Therefore Clwill mever(reachinity. However, in/the pipe,
intermittently, large(volumes oflair(plugs) flow [counter(currently [to the high[point, [causing
interfacial @eration(at(the freesurface. Towhatthis[éxtent[this forml[is [@pplicablelis(still
questionable.

Voidfraction/profiles

Thelparameters(of(Eqs. (2)[and(3)lare[obtained by fitting[their Tog functionswith[theT.evenberg
Marquartmethod. Thevalue(of C,,, (15 limited[to (1, whichlalsolimplies thatlin this[case the[fit[does
notlagreewell with[Eq.(2). Bigure4[shows|the[void fraction [profile [plotted [against z(atlocation x=
0.81 m((x/h=(8.4)for(53°@angle(and401/s. The [transitionbetweenthe [fvo regionsis[clearly [visible.
Themaximum void [fraction(ih the hydraulic jumpdoesnotreach(1as/doesin/an/0Open/channel. Eqs.
(2)land((3) are fitted [and [plotted (Onlalogarithmicland [linear(and Scale(respectively.The
approximations agree fairly well with the theasurement(data. The(location 6f the intersection z " [6f
thetwo [@pproximations|is/around(0.15m.
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Figure(4./Approximation/ofithe theasurements/accordingto [Eq.[(2)andEq.[(3), logarithmic(left)
andlinear|(right)scale.

InFigure (5 allvoid fractionsmentioned(inTable 1 for(the 5°angle land 40 1/s are plotted Mormalized
accordingto[Eqs.[(2)[and(3).TheFroude mumber(varies between2.2[and 2.6, while x/Dvaries
between[2.7[and(5.8. [Figure (5 [showsthatthe measured datalis[in fairly[good[dgreement with the
profilesiofitheirrespectiveregions. Void/fraction atthe fop [0flthe Tower regionsand the Bottom[of
theltop regions Break laway [from [thetrends(as/the transitionbetweenthe two regions|is [dpproached.
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FigureS. Void/fractionsplotted/against/elevations Mormalized 'dccording [to (Eq. (2) land(3) for [top
and(bottom [respectively whichlare shown (assolid lines.

In(Figure (8 thefitted [parameters [0f[Eq. (2)are plotted/against/their relative distance x// [fromthe
foot(oflthe Hydraulic jump.For C,,(top)thelresults/of Murzynshowlaldecrease/ihvaluewith
increasing distance [for constantFroude mumber. [Since x/D[cannotbechanged without/changing F7,
itlismot(clear from/the heasurements (whether [this [trend [is [present. [Themiddle figure[shows [the
values(0of z .

Thelbottom[shows/the values0fithe diffusion(coefficient D. Figure9showsthelfitted parameters/of
Eq.[(3)LOppositeto Murzyn’s findings nolincreaselin z.sowithdistancelis [present((top). A reason [0f
the z.5pbeing/constantmay belthe fact that/the[pipedoesnot/allow(the hydraulic jump(toeéxpand/in
vertical direction. The bottom figure [shows [Scattered [values 0flthe diffusioncoefficient D.

303012.61 303012.61
0.2+ 02}
0.18F 0.18}
0.16} 016k
0.141 014}
042¢ 012}
01}
0.1
0.08} 008l
0.06}
0.06]
0.04}
0.04}
0.02}
ooz ’
0 4 3 ' 2 1 0
10 10 10 10 10 0 w w w w
0 0.1 0.2 03 04 05

Figure(6. Experimentaldatalofivoid [fractionand [approximation/onlogarithmic/scale((left) land
logarithmic(scalel(right).

The Void[fractionsmeasured (@t/anlinclinationangle0f30° show aldifferentprofile. Figure 6 Shows
thevoid(fractionfor30(I/satlocation x=2.61 m((x/D=11.9) plotted ltogether with [the
approximations0f’Eq.[(2)[@nd[(3). Both Visual [0bservations[and measurements forthe30°angle
show [that the (air [is (better hixed 0ver the Vertical (profile than(for(5°. [Figure 6 shows that the void
fraction[profilefisalmostfully [@pproximated by the Tower region équation.
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Figure(7. Void/fractions/plotted [against/€levations mormalized accordingto Eq.(2)[and (3) for[top
andbottom [respectively whichare shown (assolid lines.

ForltheRydraulic jump [in @/pipe Wwithlinclinationlangle 0f30°, a/sharp [édge Between upperland
lower regions(is(seen. [Figure7[shows [that[Eq. (2) for[the bottom region almost/covers/the whole
profile, whileEq.(3)loflthe upper region onlycovers [alsmall [partlofithe uipperpartiofithe profile.
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Figure(8. Parameters0flthe lower region/obtained by [fitting [Eq. (2).
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Figure(9. Parameters [0flthe upper region obtained by [fitting [Eq. (3).

Velocity profile shape((factor)

Assuming thatlthevoid[fraction[profilevaluelis[donstant at(a/certainplane x,afictitiousair(transport
islcalculated By multiplying the Woid[fractionas/afunctionof(z By thewidth(of the pipe at/location z
and[thelaverage velocity.

D
Qe = [ F(2)-W(2)-U,,,dz (4)
z=0
Theresulting @ir(discharges(are much greater than [thesupplied @irflow rate. It/is Observed(that
intermittently [pockets 0flairflow countericurrently back to [the high [point. Due(to Buoyancy, [@ir
bubbles ovelagainstithe thean flow directionlalong/thefop 0fthe pipe. Thisresults/in[(temporary)
negativelvelocities at/theupper(region. This[phenomenondoes mot/dccurlat/open/channel flow.

Alshapefactor(ofithe velocity [profilelis [defined thatmust be present [to [explainthe discrepancy
betweenthe supplied @irflow [rate(and the fictive @ir transport. U,yeq, 15 replaceby

Ucc

u, z<z,
U:{ ¢ inverse (5) e IS o O L -

u z>z

ce mverse

Zlinverse

FVYVY

Figure10ishows[thepossible/combinations 0f'the ration [0f u.[and u..for/differentlocations(of z.
Figure(11[showsthe @amount(ofair(transport/that wouldloccur(asafunction 0flthe location of
velocity [profilelinverse. Remarkablelisthe[amountoflrecirculation that/occurs.

Gaslpockets/and hydraulic jumpsin[pressurised [pipelines, [paper mo. 129



— 02.0(l/min |

location([m]

; ;
—— 25.01limin | ‘ ‘ A
—— 25.0/min { 0.2 T = _._ g .
+ 15.01/min L e |
- 15.00/min { 0.18 o I S
—e— 10.01l/min e o |
—e— 10.0(/min 0.16 . S b~ — |
O 03.0(l/min :
By - 03.01/min || 014 —— -+ 47 -1 L1 R
v — 02.0l/min |
012 —— g - L L —
£ |
I
|
I
|
I

—e— 10.01/min
77777777777777777777 03.01/min |
— 02.01/min

1 1
10 15 20 25 30 35
Recirculationgairflow divided by Qa[I]

|
|
T
|
H
g |
0048 — — 44 + 15.01imin
i3 |
+
|
1
5

N
o

Figure10.Possible ratios0f 1. land . [as/a Figure(11. Localairflow rate(carried withthe
function(ofithelocation Z. flowcompared to supplied (air flow [rate.

CONCLUSIONS/AND DISCUSSION

For(5°(inclinationlangle, @lsimilar(transition 0flvoid fraction regions aslin the [case[0flopen(channel
islobserved. [At[30°the(transition(could motclearly (be identified. Thelinclination langle haslinfluence
onlthedistribution/oflair but'thelabsenceoflalclear transition 0fithe regions (is [daused By [the fact that
the measured [profileis far from[the foot0fthe hiydraulic jump [and Mo aeration of fromipperregion
takes(place. Thelagreement(ofithevoid fraction[profileswith(Eq.[(2) howeverlis/good. [Further
research Wwill focuson the [dssessment[oflthe Tocation z;,y. [in[0rder(toobtainbettertinderstanding
oflthelefficiency of’the hydraulic jump’s/ability to transport(air.[Thevalues(0f /[arelassessed by
reading(afruler(that/has been attached(to thelcircumferenceof’the Pipe. The water Tevel Corresponds
tolaldircumference valuelthatlisconversed [to[water(depth, thereadings havethebest/accuracy [for
waterIevels(atithe centrellineofthe [pipeland Wworsen [fowards [the bottom[or[top, because [0f
refraction/ofllight/at/the curved pipe.
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