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SYNOPSIS

Theldesign oflthe cooling[water[systemoflthe SerayaIl[petrochemical [plantlin[Singapore
includes/apumpltripand(testart'scenario. This/scenario(is[¢éssential [for/the teliability [of the
plant, [becauseltemporary [power [dips mayloccur on(thelsite.[Dueltollay out/changeson(the
plantlduring[thelsystem[design,thelsteady![$tate[ pump[power[exceedsl the hominal motor
power[with[15%, whichWwas[¢onsideredacceptable[by[theldesign team. The pumpmotors
couldnot/belupgraded, becauselofllimitations[oflthe Tocal electric[grid. Thetripand [restart
scenario revealed/an/overload/of'the pumpmotors. Theloverloadevent/led to alredesign oflthe
cooling/water(system such/that(the trip/and restart/Scenario led 'to[satisfying results.

This[paper|stresses/the importance oflthe[¢oupledtransient behaviour(oflboththe pumpland
motor for(thelévaluation(ofistartup [and [restart/transients, [particularlyiflalradial [pumpis [to(be
restarted withanlopen/dischargevalve.
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1.’  INTRODUCTION

Largelglectrictmotorsisually have(relatively[smallpull lup forques/dompared [to ‘their full Toad
operating torque. [In[some cases/this/maylead to(start[up[problems. [This paper(will focuson
the hydraulicldesign/oflalcooling water[system(oflapetrochemical [plant.

Thelspecified[System performed Well [during[theléngineering [stage(oflthe hiydraulicdesign, but
during[the transient/analysis/oflthesystem[shortcomings/inthe motor[power became(évident.
This/paper demonstrates(theadded value oflalsophisticated pump/model[¢combined [with the
transientbehaviour/in the[designof pumping stations.

Thelmathematical modelingland@analyses/are(carried loutwith WANDA, [version(3.[WANDA
3lisusedfor(the hydraulicanalysis 0f/steady [and insteady [flow [onditions [ih arbitrary
configuredpipelsystems.[WANDA 3hasbeen/developed By [the Industrial Flow Technology
group (of (WL [[IDelft Hydraulics.

2.l'  MODELDESCRIPTION

Thelcooling[water(system for[the[Seraya Il [petrochemical [plantconsistsof a[pumping|station,
alpipelinel system/[ containing( 10[unit[ groupslincluding[ 49 heatl éxchangers and[an!outfall
structure. [The pumping station is designedfor a discharge capacity 0f 30,750 m’/h[and
consists[of three[operating[pumpsandonestand by [pump. Thelschematization[of the plant
layloutlis[shown[in[Figure[1.[Theldifferent¢ooling units’areldenoted [by dark [grey[squares,
while both [the pumping stationand(the [Qutfall[facility [are[shown(in [alighter(shadeofgrey.

Thepumping stationis[connected o the productionplant/areaby means/ofia 1500 pipeline
oflapproximately[ 800 m/[length. Thelactual pipinglinside[thelproductionplant[ consistsl of
different/diameters with(an(dverage (length[0f/600 im(to [the outfall facility. Thepipe material lis
GRP.Thefollowing[pressure criteriawerelapplicable forthe pipelines:
e Designlpressurelis(10barg.
e Minimum/pressure(is[0.3 barg[forpipeswithdiameter/greaterthan[750 thm
e  Minimum/pressure!is full vacuum/[for [pipeswith[diameter(less[than[or(équal than (750
mm.[These [pipes/arefull vacuum [resistant for/allsizes.
e Thelsteady[pressure. downstream[oflthelcondensers/with[Vacuum breakers must/be
abovel0barg, [to[prevent/dontinuous dirinflow(vialthe vacuum breakers.

The[flow[distribution [through the[49 heatléxchangers(is set during[startip [of[the[system by
manuallyloperated(valves[in(the[dooling [ Water[loops/andthe Pressure Control Valve (PCV),
with(a[parallel(on/off(valve, in(the 0utfall [Structure. By [throttling[the PCV [the [pressurelinthe
complete system!increases. This pressurelincreasehas[tolbe compensated[by![thel control
valves[untillonel¢control [ Valvel (in[the most ¢riticall ¢cooling[waterloop)lis fully open. The
minimum headdossacross/the fully open(control valvesis 1 m.
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Figure(1:Overview of system(schematization



Thel basicldesignl calculations/led[tolal required pumphead [ of' 57 mand/motor[powerl of
1900 kW [per [pump. The nominal imotor (power(was(2100 kW.[Thelspeed torquelcurveofithe
motorlis[depictedlinFigure3. Before the hydraulic ¢alculations(of'the(detailed [design[oflthe
cooling[water(System[were carried out, the plant/laylout[was modified and thel¢levation[of
several [ heat! exchangers[was[ increased.[ The tesults ofl thesel modifications/onlthelcooling
watersystem(were/the(following:

e Thellocallobsses,dueltoTIpiecesland €lbowslincreased;

e Anotherlloopbecamethe tost/critical loop;

e Thelrequired [pump headlincreasedto[73 m, withlaltequired (motor power 0f12400 kKW
(seelFigure[2).[ Thepumplimpeller/waslincreased[to 1174 mm, while[the(2100(kW
motor was notiipgraded, because oflthe limited [¢apacity [oflthelocal electric[power
grid.

The[2100kW motor on[the 2400 kW [system[was[¢onsidered acceptable(for(startup oflthe
coolingwater[system. The total (polar[moment[oflinertia oflthe mew pump motoricombination
is[367.5kgm?”. [ Thefull load “operating[torque 0f[46.4 [kNm[at[ the specified [maximum
dischargelismuch(larger(thanthe(starting torque[0f13.8 kNm.[Theltemainder(oflthe paper
discusses/alcomplete pump [trip[and[restart/scenario with the mew pump impeller(andoriginal
motor.
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Figure2: [Pump head, éfficiency and power curves
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3. CASE DESCRIPTION

Thelsteady(stateheadandthepipeline [profile dlong(themost/critical ‘condenserare[shownin
Figure 4. Thelpressure downstream [0flthe most|critical[dondenser!is'around(0.1 Barg.

Thel¢ooling[water[System[should bel¢apablelofThandlingalfripfand testart[scenario without
violating[the[pressure driteria. Theltrip land[restart Scenariolis [€ssential [for [the reliability (0fithe
cooling/water[systemland the(wholepetrochemical [plant.[ Temporarydipslin(the ¢lectricity
supply, whichmayoccur(onthis site, will trigger [pump [trips. Immediate [festart (0fthe [pumps
preventsa/dompleteplant/shutdown. Thecontrollogic(tries to restart pumps/during 4 [seconds
following/apump [trip. Tflthe first [pump(can(be(restarted within (4 [Seconds, ‘the lToss[oflcooling
capacity/lislacceptableland/the/cooling water [System [returns back[toits mormal (operating[point,
after(the restart/oflalsecond/and[third [pump.

Thelpumps tripafter(1/second [0flsimulation. Tflthe first([pump(can not(be restarted (within[4 s,
the pumps/arenot/restarted anda/complete[trip[Scenario occurs. [This[scenariofocusesonla
pump [ restartl after 4§, with[ consecutivel testartsl ofl thel secondl and! third ‘pump[Wwith[ 5§
intervals. Accordingfothe ¢ontrol[logic[the[PCV [justuipstream[oftheloutfall [facility land
on/offvalvelwill[start/¢losingandlopen dgain, however(this[Operationhas mot(beenldaccounted
forlinthis/scenario/(conservativelapproach).
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Figure/4: Headand Profile[[Route Pumping station to loutfall facility [at
simulation start/and/injustbefore restart/of/thefirst pump

Suchlalpump [tripland testart(scenariolis ' dominated (by[the way[the[pump(speed [tamps/down
and/more important how [the [pump[speed rfamps updgain. Thereforethis[scenarioltequires an
advanced mumerical model [0f the ¢oupled (behaviour of the pump [impellerland pump ‘motor.
Section[4[brieflyoutlines[thismodel,as[itlis implemented [in[ WANDA.[Section[ 5 then
continues/withthe(scenariolresults.

4. PUMPMODEL

In[the mostl[generallcaselalpumplcanl operatelin four QH[quadrants[for [ N>0land in[four
QHIquadrants(for (N<0.[In[WANDA,[a[¢omplete [ pump[model [for[all[N(<0,=0[and[>-0)[is
available. The[tunningpumplis(characterized by the[following functions/in(thefirst[quadrant

forM™N>0:

H =
E=E(Q)

inwhich:
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NI pumpspeed [rpm]

N[ = rated pumplspeed (atwhichthefunctions [rpm]
H(Q)land[E(Q)arespecified

Theheadlandefficiency(curves(((1)and[(2))aremormally(specified by the pump hanufacturer
in[the(first[quadrantlonly[(H,[Q[>[0).[Todescribelaltrippinglor[starting pump(theltorque
functionmust[be knownas[well.[Theforquefunctionlat the tatedSpeedlis derived [from[the
headlandefficiency/curveldccordingto:

T = Py gQH(Q)
2-zm-N, 3)
E(Q) o
inwhich:

pr ]l =[fluid density [kg/m’]

gl =Igrav.@cceleration] [m/s’]

Tolderivethefunctions((1),[(2)[and (3 ) foriother [pumpspeeds, N;[,Ithan the rated pump speed,
N, Ithe affinity fules arehised:

H(N:i) _ (&)2

H(Nr) Nr

O(N:) _ Ni

O(N:) N, )
T(Ni) _ (&)2

T(N;) N

Now, [ the pumplhead, éfficiencyland[fluid[torquelcan!bel computed [ forlalll positivel pump
speeds/in(the(first[quadrant, where boththe pumphead andflow(are positive. However, the
simulation[ ofl al pumptrip[or[start/ requires the pumphead and/torquelto be knownlinlthe
secondand(fourth quadrant(as(well.[Tolget/the[values outside[the[tabletange, the[tables are
extended(tolthel second and!fourth! quadrant[iith[solcalledéxtrapolation(parabolas, Wwhich
havel been! derived! from[al setl ofl completely measured pump! curveslat! differentl specific
speeds.

Inthelcaseloflalstarting[ pump, theldriving(torque, T4 ,[isldeterminedby(thelspeed(torque
relation (inltabular [form)0flthe[driving mhotor[gearbox [combination[(See Figure(3).[When the
motor(is[powered [0n, [the pump [speed increases/aslonglas/thedrivingtorqueéxceeds the(fluid
torque, laccording/toleéquation|((5):
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p
where(the(total[polarimomentl[oflinertia, /,[)[includes the polarimomentsloflinertialoflthe
impeller, ihcludingliquid, [and the pump [motor.

Thelspeed(torquelcurvelisicharacterized (bya(sharp/drop((cutloff) [around ‘the Operatingspeed.
Withlanlincreaselin/load the speedwill mot[drop much. [This[phenomenon(is/denoted (as [€lastic
behaviour. [If{the maximum/(torque just/before theldroplis/sufficientlylarge the(steadystate
value! ofl the pump [ speedlis/ well defined.[ In( thel steady[ statel Wandal willl compute[ two
equilibriums: 1) [pump [(QH) [curve[versus[system [fesistance [(QH [relation) [and [2) [fluid [forque
versus| motor[ torque. Bothl arel varyingl atl eachliteration[ stepland/tolteachl convergence’a
dedicatediteration strategy (hasbeeneémployed.

InMormalrunningoperation Ty =T andthe pump runsat/alsteady(speed.

Dueltole.g.[powerfailure, theldriving[torquelsuddenlydrops(to[0and theldecaying pump
speedicanbelcalculated from:

dN = [Q l@’t (6)
2r ],

The(fluid [forqueloflalstartinglor[tripping[pump does motlonly[dependlon(theltransient pump
heads(and[flows But(also[on(the instantaneouspump speed viatheaffinity rules. Thereforethe
numerical computation[ ofl the new[ pump(speed[is[ carried outwith[alsubfimelsteplto
accurately(assess(the@average(fluid [forquelduring/éach(timestep.

5. NUMERICALSIMULATIONRESULTS

Due to [pump [trip[the[pumps Wwill rfamp [down [dfter[1 [Second oflsimulation[(See[Figure(6). The
pumps(decelerate slowly [due(to their high moment(oflinertia/(Seelequation(6). Theladir (vessel
depressurises[tolalhead[ofl5 mland dampens(the[pressure!transientlin[the¢condensers. The
check[valveslocated[in(the pump(dischargelines[¢lose after(0.8[s[dueltothepresence oflthe
air[vessel. The steady state head/in/the [pipelineland ‘thelinstantaneous head [profilelafterS(slare
shown/in Figure /4.

After[5[seconds[ofl simulation[thefirst pumplisitestarted[ byl the control[system. Atlthis
moment, [ thel pumpl speed has dropped![ toabout! 100 rpm. The dischargel ofl pump P1
temporarily [increases toaround (13,000 (m’/h[after (108, (which s just sufficient to [prevent
negativel pressures[ inl thel air[ vessel.[ Consequently, [ thel second[ pump! restarts againstl a
similarly[low[back ‘pressure. Thespeed[oflthesecond pumphas(teduced o about[60tpm,
when [it Testarts. The[discharge [0f pump (P2 femporarilyincreases o @round 12,000 m’/h @fter
15(8.[Onlyafter(testart/ofthe sSecond [pump, thelair(vessel [partially [refills, [illustrated (by the
negativelair(vessel[dischargelin[Figure(5. Thelspeed oflthe third [pump(drops(toonly[40tpm,
when lit[festarts @fter 15 8. The discharge (0f the third pump [rises fo 6000 m’/h, Wwhile the [pump
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aretemporarilyoperating(at(aVery [(bad[efficiency[on(the righthand[side[oflthe (scaled) best

lowback [pressuresimposelarge hydraulic(torqueson/the pump impellers, because the [pumps
efficiency(point.

speed/has(notléven(reached300 rpm((see Figure 6 land [Higure(8). Thelarge pump flow [rates at
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ThepumpslsSpeedup until[the[motor forquelequals/theltorquelexerted by the[fluid[onlthe
impeller((See(Figure[T).[Hencelthe motor[torque, Specified by thespeed(torquelcurvelofithe



motor, mustl¢xceed[the fluid[torquelin[order tolincrease!the pumplspeed. Dueltothe large
discharge, the fluid torque equals the motortorque of [pump [P 1 (beforethe mominal [Speed has
been teached((See Figure(7).[Themotor and fluid torqueldre mowin eéquilibriumand[therelis
noléxcess motor torquelavailable[to accelerate[the impeller.[ The pumpWwill (hot[Teachlits
nominalspeed(and [stabilizeslaround (340 rpm[(See Figure 6).
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Thelmotorland fluid[torquelon[the impeller oflthe secondpumplaresimilar[Wwith[the first
pump. [ Thellower[ flow![tratel through(thelthird pumplallowslal slightly[larger pump!(speed
increase, [ but/the third [pump’sspeedhadldropped to(40tpm only. Consequently the excess
torquelofithemotorlis[still insufficient/to reach ‘the Mominal [speed (01495 [rpm.
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Tolshow [the(behaviour oflthe pumpalongthe[speed torque curveFigure9/gives/anloverview
oflthe(fluid[and motor(torques. Themotor torquedropsquickly[(Oneltime[step) from [the full
loadloperating forquelto(zero. Thefluid[forqueldrops moreslowlylandtherefore decelerates
the[impeller.[Pump(2[is(testarted ' with[animpeller speed[of[60 tpm.[The motortorquewill
increase/alongthe(specified[torque speed(curve. Thefluid/torque(will[increase depending (on
the pumps/characteristic/éurve, [eéfficiency(dnd the[system response. Figure 10 [showstheduty
points[over[fime. Thepump Will[éstablishlalduty [point/along(d[scaled [characteristics [pointfor
eachpump/speed.[Thellines/in[Figure[10[are[moving[around/thelequilibrium/point/duelto
pressure waves [ih[the/system.
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Iflanlindividual [pumplis[started[dgainst(d/closed [valve[(SeeFigure(l 1) the motor(torquelis just
sufficient to[ exceed [ the[ fluid[torqueluntil[thenominal[speed[is teached. Thelavailable
acceleration torquelis[small Howeverland the pump (will[start(in (7.3 [s. Duringthe normal [start! |
up!scenario/thepump(will(be started[againstan/isolation([valvelandwill (belable(to(reach(the
nominalspeed.
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Since the [pump otors/could not/be lipgraded, because ofllimitationsofltheelectricity
network,adumber oficritical [pipeldiameters/werelincreased [inlorder(to reduce the [required
pump head with(atleast15m.



6. DISCUSSION

Thelélaborated caseofltheSerayall[cooling Wwatersystem [discusses/the pump [frip [and[testart
scenario, whichlis[essential [ for the(reliability[of the[plant. Thelrestartlevent is[in/fact(very
similar(tola pump(start[with[an[open[discharge(valve, whichlinvolves(telatively(largefluid
torques [for(radial (pumps. The[WANDA ¢omputation(shows thatthe pumps/¢annot(teturn(to
their[nominal [speed [ during[ this[ scenario,[ because ofl overloaded pump[imotors; i.e.[ the
transient(fluid[torqueequals [the otor torque (before the mominal [speedhas/been reached.

Thispaper/demonstrates the[ddded [valuelofld[coupled Mumerical model (0f[pump impeller(and
pump motor(fortheévaluationlof'start upand restartfransients, [particularly(ifTaradial pump
isltobe restarted(with/anopen(discharge valve.
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