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The impellerin double-suctionpumpsis hydraulicallybalancedin the axialdirectiondueto symmetryin the flowenteringthetwoopposing

suctioneyes.Whilean assumptionof axialbalanceis valid at designflow,processplant experiencehas shownthat partial flowoperation

can result in dynamicaxialdisplacementof the impellercausingmechanicalsealand bearingfailures.Thispaper investigatesthe effectof

flowreductionon the axialvibrationresponseof three sets ofdoubIe-suctionpumpsand identifiestransientaxial vibrationat partial flow

usingShortTimeFourierand DiscreteWaveletTransformtechniques.

1. INTRODUCTION
Centrifugal pumps are simple mechanical devices, consisting

of a rotating assembly contained within a housing. The
rotatingassemblyincludesanimpellermountedonashaft
that is supported by rolling element bearings. The impeller is
usually driven by an electric motor attached to the shaft by a
coupling. Fluid is retained within the pump by a mechanical
seal or packing arrangement. The number and configuration
of the impellers and the design of the casing determine the
pump style.

This paper examines single-stage, horizontal split-case,
double-suction impeller, volute pumps driven by fixed speed
induction motors. A typical design is shown in Figure I. Flow
enters perpendicular to the plane of the drawing and is split
into two annular suction chambers that turn and diffuse before
entering the impeller through the opposing entrances. The
flow fields from the two suction eyes are joined mid-way
through the impeller vane passage and discharge into a
common volute. When the impeller is centred in the casing
and operated at the best efficiency point, the hydraulic forces
acting on each side of the impellcrare balanced.

Changes to the impeller flow field resulting from partial
flowconditionsincludeseparation,secondaryflows,stall,and
recirculation [1-9]. The vibration of the pump was measured
as the flow rate (Q) was reduced from the best efficiency point
of operation (QBEP)' Measurements indicate that loss of
hydraulic balance and axial motion may be due to changes to
the flow patterns that affect the forces acting on the impeller
in double-suction pumps. It is postulated that this change can
be detected as axial vibration on the bearing housing of the
pump.

There has been limited published experimental work on
the loss of axial hydraulic balance. One of the few
expcrimentalinvestigationsofaxial thrust of double-suction
pumps used a load cell on the non-drive end of the shaft to
record static and dynamic thrust. There was no change in the
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steady axial thrust but the unsteady axial thrust increased as
flow was reduced [10]. This is consistent with recent
published axial vibration data showing an increase in the root
mean square value (RMS) of the vibration time signal in both
axial and horizontaL orientation as flow is reduced [II].
Published work on double-suction pumps in process plants has
identified significant axial displacement of the pump shaft
and associated damage to components due to partial flow
operation [12, 13]. Mechanical seals will leak if the gap
separating the rotating and stationary surfaces is compromised
by axial displacements of the impeller. There is no widely
accepted method of monitoring these pumps to identify and
prevent damage during partial flow operation. This work
investigates the response of three different double-suction
pump designs to partial flow and examines the similarities and
differences in response at identical operating points. The
importance of signal processing technique is illustrated as
conventional techniques fail to provide a complete picture of
the non-stationary nature of the pump response as partial flow
conditions develop.

2. DATA COLLECTION

Three separate water distribution pump installations (A, B &
C) were tested. At each facility four pumps are installed in
parallel with a common suction and discharge header. All
pumps are split-case, double-suction, single-stage pumps
driven by four-pole motors. Size and operational details of
each set are shown in Table 1. At the time of data collection,
the 'A' set of four pumps was a new installation; sets 'B' and
'C' had 30 months and 18 months continuous operation
respectively. Vibration and performance data was collected on
each of the pumps at discrete operating points over a range of
flows forOAO to 1.20 QIQBEPbyadjusting the position ofa
valve on the discharge line of each pump and running multiple
pumps in paralleL At each operating point 150 seconds of
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vibration data was digitall y recorded from aceelerometen
stud mounted on the non -drive end bearing in the horizontal
and axial orientations. Performance data includ ing flow,
pressure and pump effi cie ncy was me asured using a
Yatesrneter, Detai ls of the data collecuon and Yatesmeter
opera tion are describedin j l l ],., Set f! sue
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Figurc I: S<.:hematic view of the douhle-sucti'm pump

J, DATA PR OC ESSING
Data from the dib'ital tape recorder WdS sampled at 2 kHz
using a Nationa l Instrum ent PCI-4552 board providing four
channels of simultaneously samp led 16 bit data , Subsequ ent
signal processing used LabView and Matlab software. All
datap resentedinthisreport is in un its of~lcration(mls2).

The eff ect of flow changes on co nvent ional lime and
frequency representations of the vibration signa l is deseribed
in [II ]' Th is paper extends previous work by including an
addi tional two pump sets , examining the non-sta tionary
nature of the signal at part ial flow and using Short Time
Fourier Transform (STFT) techniques to identify transient
e....ents
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4. RESULT S
-l.I Sta t lst lcal n rl abl es

Figure 2 shows the root-mean -square It.m.s.) lI', of the time
domain vibration signal (x, ) a_ a function OfQ/Ollff ' This is
deflned marbemarica lly as

(I)

where n is the number of samples :r, in the signal.
Each trend line represent s the average for each set of four

pumps (A, B and C) . There is obvious correlation in the
general trends of the graphs with an increase in Il.MSvalue of
the signal as QIQg•.pis reduced . The response measured by tile
axially orientated accele rometer on these pumps is greater
than that from the horizontal. The magnitud e of the axial
response doubles as flowis reduc ed from 1.010 0.5 QIQg,~

4.2St8 tlu Olo.rll)'

Signal charac teristics such as stationarity, normali ty and the

presence of periodi c components determine the approptial e
methods for signal analysis. Station an ty for an indi....idual lime
history generally means that the statisncal pro","i" (mean,
mean-square and ....ariancej computed overshon time intervals
do not vary significantly due to st8tistieal sam pling \<lria tions
from one interval to the next. Stationari ty is important as the
procedures for analysing non-statio nary and tl'1l11sient data are



HORIZONTAL

Figure 4:Waterfall plot of ...cngnl fuu""'''f'''Wll of n i:oJ
. nd huri~ontal ."".lerati"" . agaiDol QIQBEP for Pump Sci
A3.

morccomplica tcd than for stationary d.lIa [l 4].
There are differen t proc edure s available fot examimng

station ariey bur no def initive process. A normalised r.tn.s error
ca lculation and visual examination of the change in mean
square value of subsets of the signal with time were used to
sssess sranonanry.rhe mean square value of a signal subset of
length N when: N« n is

.; : =~~x,! (2)

ViSU31eJlami nal ionoflhe chan~tn W: alongthc length
ofasignal providesonly aqualil.lli~as,..iessmen t of the eon ­
stauoeary effects. Compansons hetwee n differen t signa ls are
complicated du e to the increased \wiancc of the signa l wilh
increasing mean square va lues. H= -ever iti s a u.o;eful method
to assess the effectof signa l precessing parameters.The effect
of subset lengt h se lection on a plot of the mea n squar e value
of Ihe sij,'llal wilh time is shown in Figure 3. A subsct length
of 8192 sam ples produces a pscut!,,·slaliun ary signal with
hlt le variation from the mean along Ihe length of the entire
signaL This set length is u"Cd for aver~gcd Fourier analysis
giving a frequertey reso lution of O.2S Hz. Subs et lengths of
4096 f>aI1lples retain the non-stationa ry nature over the length
of the signa l but are approximately stationary within each
subset. For STFT• .<ample se t length s of both 40% and 1024
sampl es are used and the di tTere nce s in the re sultin g
Spectrog ram plotsexamined

4.3 Avt"ragt"dFouricrtrandorm

The Fast Fourie r Transfonn (FFT) is commo nly applied to the
analysis of statio nary signa l!. from rotating equipm ent. In
vorcte.sryte pump s th ere is usuall y a strong per iooi c
component called vane pass frequency fv caused by ' the
passage of each impeller blade pas t the tonguefs}in the volute.
This appe ars as a sharp pea k in a plot of the FfTamplitude
spectru m and often rep resents the largest sing le con mb uror to
an averaged spectrum, Average d ampl itude spec tra arc
produ cetl by w indowin g overlapped sampl es sob-sets of
length 2N, app lying a Fouri er transform , and averaging the
resulting arrays eve r m sets J,L. Examp les of the effec l of
flcM rate on amp litude spec tra to 1kHz for a single pu mp
meas ured with axia l and horizo nlally oriented accele rometers
are show nin Figure a.The do minant frequency below 200 li z
corre sponds to a ~ha rp na rrowba nd pea k at the vane pass
frequency, lhi~llJ'peanl on a l1the pumps_ Abovc 200 ll zthCTC

are broadban d "hayslack" rcsponscs espcc iallyon the a:\ial
acc elerometer. the frequ ency locatio n and width of the band~

depends on the individual pump
A simple method of compari ng the contri bu tion of the

tra nsient and no isc co mponents for signa ls collec ted at variou !
QiQBEP operating point s is deve loped below. f rom ParSC'<"lII's
theorem the mea n square valae of a time s jgnaloflengjh e is
the same magnitu de as the mean square value of the signal
after f ourier tra nsfo rma tion (14). When the frequen cy based
mean square ca jcutaticn on a signa l of1e ngth n is rcr la<;;ed by
a ca lcu lation from the Ive rage of l number of freq uency
ca lcu lation s based on 1 subse t size :-I where Nc cn , a
diff erence <') occu rs be t...e en the t....o magnitud es. Th e
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takublion is gMq in F.qualion (JJ

3_(...:_q:.f:] (31
T1wmagninldr of 6 g Dm> for sinuiOidal sipall witboul

noise oonlTiburionJ . Thcwalueor liincreasa ...herarlOisc and
lran5imt conlributiOl'J Me presenI A plo!: 0( 6 for all the
pumps .gainJt QIQ•., in fi ,l" re S shows ilK"1'C'Uioll
di"erJ!enee between the rv.o lines OIS flow is reduced. This
diveq;erlI% rqoreKU$ the ron lnbUlion of Doi~ and non·
pchodH: dfeeu at PM1w flow Uw .c RUintd in thc R.\{S
~but mno;wa1 by lhl: ...en~ FoutiC'f~.

11K:magDJfUdc of li lbouJdbc cbe to zno. A plol:or li for
all the pumps agamst Q'Q_ in Firure S ~'I Increasing
divavn'lCt be{y,ttn the I'M) lillC$ U nov.-is red uced . flus
d i\C:rgcnce ~t:s the tOOlrihulioo of noiw and non­
period~ dfe«s al pania l ilO\Io' that are rrtain td in the RMS
ca1cul1llion but remo.,ed by tilt av=. gcd Fourier rroreu .
4.4 DbelT te W..~1d pn>Cns (Of' fillerM frtquu c), bi nds

Presen-atioll ortbe 1rUl$ienl..t ooisc oonttibutions is Khi~"td

by anaI)m of the signal in the tiIM domain. ln ordc:rto
undcr.;tandhoY,"theenergydl5tl1butionwithin tht JoignaJ
thanl!es .....ith nowconditionllnxthodthal rillenthe l;~

withoul loss ordi stortion il rtquimJ_ This un bc lll;hi~ by

decomposition of the sip into I series of dyad ic~uern;y

bands using a discrete ....w-1l1 trans form process [ IS). A
prIX'~fOfdcrompo!.ilion.".jreootl.'>tt\lCliOllof lhe signal

into fTtqumcy bands (detai l~Is) using the Daubechies 8
,,~II:I is describedin a previous pIlf'CT (16]' The effecl:o f flow
rate OIl the chan ge in RM S \'Blue of eachofthesc ball<k by pump
set is illu'lrolled for the axial accelero meter signa l in Figul"C' 6
There is good corre jetion with in each pump set for the higher

fra.JIICOCY bands down10 and including the Deta il Leve l S(42­
8S li z ) band and clear cor relatio n between iocre",.ing RMS
'VlIlllCinlhcbandand~asini fl(l',·v ra le. The magni tOOe

...i th inthc: kMn fmlUl:tlCY bundsis smalld o.>e in part 10 the
choi«, of lC«lo:ntiOllf<Jl' thedl.~layunit5Ollthe iraphS.

Of primary inlcre st for Ihil work is the effect o f paniaJ
flow o n the freq ueocy re.p omc below 200 liz ...'here me
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4.~ Shllr1 -t1m , FOllriU Spt"t'ln>tl1l n"

The STFT perferrn s a Fourier tralllform on. single windowed
data 5C1of lrngt h 2N. The process is repeated for each data set
u the wiodow lnO\In . Iong the time lignal in O\"ffiapping
se<:tions. The l'ffiIlu are dilJ' layN as. Spectrogram plot with
axes tfcqucocy. lime . nd amp hludt. U.e of the STFT is
opt imized by lile com:cl .election of ...inOOwkl'lgth for the
tfcquency band o f intere~. The min imum win&.- ~glh
muslbegrealerlhanthelargeslpolCntialtfcqlK'ncyof intaesl .
Forthesepuntpithisi$2 1Izor inOO\l.·lcngth of68
umples. A larger window val ue ill iIlcfU-"C mqumcy
resolutionattheeJ<per'IIotoftimc 1oca.liutioll.

Figllt'e 7 sIllr41ifour~ plob fOl" the PumpAJ
wilb , llcq umcy resolu tion of 0.5Hz. Top plOISare for the
W.aI and horizontal ac«leromtkn aI 1.0 Q,'O... and kMn
pJocs~ .t partiaJ llow (0.4 QQ.u). This IC'I of graphs
illustra tes the ~ghSiblcuial andhorizonul vibratio n
~Il I.Of1iQ_ ParoaI no.. opentioll r'eSl.IIu ill
sigaificantpnks of varying.mpliludt'l\d~

measuredbytheui, I aecC'lcrornc1cr1bnoepe:aksareTlOl:
.~"';Ib the purnprowlnaJl'«'d l2U Hz ). OwIg"
10 the honzonUlIaa;e!erorneter pkJI.~ 1.0 Q/(.NI' and
paniaI flo..-at"econfmed 10 the regioa cbe lOft(17S Hz ).
Simibrfearurn ,ppcarinsptCtl'Ognmsf<xtheodJer~

a llhough the lOl;alion and wKlIhof lhe ~Uency bands

appearing at partia l now vary with ellChpump 5C1.
Figure g show s spectrogram plots from the n ial

ecc elerom erers for OIlC pump from each of ScI A. B and C, at
partial flow close to 0_6Q!Q_ Only • l ingle plot for !he
horizo ntal eccelero meteris Ibo'Nn. as it is typical oflhcothcr
sets. Thc frequcncy resolution is illCTU5Cd to2 Hl 10improvc
lime 1ocalis.alion. The time spvl illustrated represents 40
seco nds of pump operation. Tbe mlJIlirudc ..-ithin each
...i ncJo,.· is normaIiud by the amp litude of the vane pass
frequencyband in the,..;ndow 10 illustrate the IT\ai1Iitudcof
the transient vibnlion relalive 10vatIC pass magnitude . Thete
grapltsi lluSlIlIlelbe preseoceoftraJUirnl\-ibrationmasured
bytheilll:iaIxockromcterOll.allthepuntpsct5.lbcre~

generally consistent pancms widtio each set of J'UlTII'Ibut
~ diffemns in the appeannct' and mapltude of
nnsia:tl CVCDI5 bmr.-eenthe SfU . OiffCTC1lCCl in dnip ..i ll
c:unribule 10 this. Pwn ps A and C are single yoluie casinp
witb radial bearings,P\mp Bhu.double \-oNtecuin&and
b<Xb radial and tbruu beari np. For the borimoaJ rnponsc.
thc:cffectofpanialn-·iltoincreasethernagnitudtofpbut
not siptifJCmtlyiocreasc~belowfo'·

CWT maps of tbcse ~gnal w.ere namincd but the t'A'O

dimensioflalpresntWion in bbct. and ...-nile i5 ... a5 "-lIy

1.0 Q 'QBFP PlIMPAJ
/fh,..f IORrlO NTAL

V.-'\!\'E PASS
.CY

Figure 7: Sf't'C1'rojl1lm. 10 200 li z eom~rin. l~ .~ial and borilllllu l ilC«lfflllion ""'I"'n ... 1\ 10 Q'QHEP IUlIl 0 ,. QIQBEP for Pwnp
A.} , F~l"CIOlulIOf\ IIO S IIz.
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acce ssible IU the three-dim en sional Sbort- tien e FO\Irier

spectrogra m plo", . EJWnPlelIofewr map.. for tllcK pumpi

are providcdin jlI].

4.6:'oiorlll. Uw d KMS n ror

A normali sed RMS error i ll;: lis used to quan tify thc transient
con tribut ioll$ to the siJl.flllI below 170 li z. I his ca lculation
quan lir lC:!; dev iat ion of the mean sqWll'e value ofa signal

subset lengt h 1024 Nmpln from the 8'o'e1"I;gc mcan ,;quare

valueof llw:enlin:flgNl.

J"J. ~k-~~r ]
&1" . \ ,, : (-I)

Theflpull below 170 Hz '*1.tt"R'.lltn:l by summatioo o( lhe
appropri ase <ktail and appro" imalion fn:quency bands
n:l ul' ing from tbe discre te wavc!e' dccompositioo and
n:c:onstf\lCtion process, The "",,, Ih are .........n in Figun: 9 for

eao;bpwnpset ploon:lagamslQ-Q_Thc:relSobviouslyan
IJICfftW in !he nnnnaliw:<!RMS nror in tillS low fn:qucocy
fWlgeoflbesignalaspaniaiBowdc\.~

DI SCUSSIO N AND CO /lrri CLUS IONS
1iicvibration lTlC'3.'>un:d n ially on the non-drive end bearing
hous ing increases a' flow is red uced beluw QBFP. The
vibration magnitude is calc ulated from the RMS \':lIue5 of the
time signal. There is a difference~en the RMS magnitude
of the time signal and a calculation based on lIverageU
frequency contrib ul ioru. Th is di ffen:nc e incn:lIlIClI lIlIlhe fluw
is ~n:landindio;alesthaltransicn l antl ooiSC: C:VClllsan:

bcingl'ClllOVNby the ~cd F(>lI(icrteehniquc.

Examinat ion of !he LIlial vibnllion signal fron lite non­

dri \ C end bearing o f • dou blc-!oUClion pump utin g '
cQII\--em ional fourier_Iyoit sbow1 an incraK in amplitude

of \ ".llOC pus l'n:t:;jUC'flC)' md !IOIT'IC broalhnd rnpooW at lhe
higher mqumc>n. A\-na~ spectra l aD&!)-sil givn 110
indicat ion oflhe hIgh magn'lUde auaJ Y1bnhOll be""" thc
\ '3IIe' pass l'n:t:;jucncy thai dcI.'clops .111 putlal Ik-. ThIS has
been idenl,f oedvimally using sOOn-tirnc:fooootC<'ooiqun

The STfT rIots .how IIu.I thcn: arc: 1r-4nsicnt peak
frequencies below 200 Hz. The oe peaLs occ ur witbin
frequency binds specifIC 10 !he rump. The reU f~ncin

\'3J'Yandarc:ftOC syo.:hronooswnh tberolannS spc:cd of thc

O.17Q'Q8EP

06lQIQBEP

1'''''' ''HORJZO!IoTAL

PUMP C3
AXIAL

O ~7Q'Q8EP

O.S6 Q1QBEP Pt IMPAI
AXLU.

f igure 8: S~.... for Ihc r-t1&1n_ rnpome ofa pump flOOl,....h oct (AI. 1'14. 0) with the ope'I."\T3 norrnaliocdby 11>0 m.gn,tuJc
al the ~ancpas-s fl'n(Un'C)'.
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pump. The magnitude of the transien t peaks below 200 Hz
can exceed the vane pass contribution to the signal. The
increased contr ibution from these transient events is
quantified by calcula tion of the normalised RMS error of
signal subsets; this increases as flow is moved away from
QBEP.

Observations for the axia l accelerometer response at
partia l flow operation can be su~rized as follows

l. The vibration is a mi nimu m close to Q~,. and increa ses c,
above and below this operating poin t

2. Transient events with frequencies below 200 Hz occur
during parti al flow opera tion

3. Th e tra nsienl cnmponcnts are not related to !he rotati onal

rrequcllCYof thepump.

4. The transien t events appear as reg ions of high magnitude
localizcd in time .

S. The magnitude of tran~i ent events is equal to or exceeds
the vane pa ss feequency magnirude .

6. Th e normalised random error of the signa l SUOSCt'l (below
170 l iz) from rhe meen increases as 110\01 is reduce d.

7. TheTCis mino r variation in the magnitude o f the vane pass
frequency with time at pan ial 110\01

8. T he frequency rang e in which low I lcwexcuanon miporu;c
oceurs is broadJyronsistentwithin a Sl.'fo f idc ntical
pum pabut ....an es bet ween pcmp sets.
The mcasu red axial vibration is a ffOl.'ted by tbe unst ced y

ax ialth",s' on thc doubl e-suction impel ler at pani al ll(JW.
ThereaTCtwo ~es of axialth"",l,thepre..sure onlhe

impeller shroud surfacc. and the change in axia l mom en tum

throcg h tbe pem p
An unstcad y nel pres..,ure di ffen:nce~ the ex ternal

surfaces oflhe oppo sing impellershroud:s prod uces a netasial
force. The maGnitude of !his force is de terminedby the
integral of tbc pressure over lhe surface area of eac h shroud
Prcssureisaffccledhy lhe llO\Olficldwithint heshro ud-casi ng
space whic h is determined by the co nf iguratio n and
dimensio ns of the spac e , the entrance dim ension s,
ctrt:umfcrcntial and axial components of lbe fluid ve locity

AcousTicsAustra~a

leaving the jmpeller at the shroud surface , clea rance and
condil ionof th...,wcarrinll $Cals. llI\d the surface conditions of
the impellcr and casing (18). A Il>sll in symmetry in the
press ure distrib utio n between lhe opposin J: shroud surfaces

due 10 partial Flew perturbu lion s entering the shroud -casing
spaces will create unsteady axia l mot ion .

An asymmetr ic change in the magnitud e of the ax ial
componera of momentum betwee n the inlet and outlet of the
impe ller will prod uce axial thrust. Any loss of symmetry
between the inlet ve loc ify and discha'1lC velocity in the two
hal....es of the impe ller du e 10 unstead y entrance condition s and

internal flow separatio n wi ll result in an unstead y axial force .
There are no detailed publislted studi es on the pressure or

veloc ity distributions within a double-SUCTion pump aTpan ial
now or the relative effect of each of the as ial thru st

contributions 10 the overall axial thrus t. The effect of part ial
flow opcrat ionon unsteady axial shaft displace ment and its
relarionship whh beari ng housing axial vibnt ioo is thc subjcc i
of con nnui nginvestigat ioe .
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