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Abstract

Centrifugal pumps are very common in mdhyd handling industriabpplications, such as
petrochemicals, oil and gas etc. Although the design practices for centrifugal pumps are well
established, efforts are directed towards optimising such systems for better operational
efficiencies.In order to optimally design centrifugal pumps, it is begiafito first understand

the complex flow phenomena within different sections of the pianp variety of operating
conditions This is normally achieved through the use of modern techniques, such as
Computational Fluid Dynamics (CFD), where the flow witltentrifugal pumps can be
numerically modelled and importafdw features can be analysed for better understarafing
interactions amongst different process variab&sD offers different turbulence modelling
techniqueswith an aim to predict realistilow approximations.Larger Eddy Simulation
(LES) offers a more accurate solution to this, in which the larger eddiessaieed while
smaller eddies are modelled, hence predictiosing LESare more realistic. Further to
turbulence modelling within egrifugal pumps, it is also important to model tt@mplete
interaction amongt different variablesrather than asimplistic single blade passadgw
analysis In the present workthe complex bladéongue interactions, and theionsequet

effectson thepressure fluctuations within the volutave been evaluatell is seen that the



secondary flow features in the near tongue regions due to blade interactions with the tongue
affect the flow characteristics within the volute considerably
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1 Introduction

Centrifugal pumps are widely used in many engineefinigl handling applications. The
design and performance prediction of centrifugal pumpslve systematic investigation of a
number of interdependentparameters Computational Fluid Dynamics (CFD) based
approaches are hence widely used for performance prediction of centrifugal glomgsde
experimental investigation€FD based analgs ae employed for the hydrodynamic design

of various pump types as numerical simulations offer reasonably accurate information on the
fluid behaviour within variougomponents of theystem, assisting the engineers to obtain
performance envepe of a pdicular design [13].

Numerical investigationso enumeratehe effect of the rotational speed on the velocity
vectors in a single blade passage of a centrifugal puenp carried ouby Husseiret al[4].
Standard k0O WXUEXOHQFH PRGHO ZDanhalyse $:© fows@Gudiu@esRvithtHU W R
the pump. Detailed investigations into the velocity vectors revealed that the flow velocity is
generally lower on the suction side, which progressively increases upto the leading edge of
the blades.Numerical investigatins regardingthe complex flow phenomena within a
centrifugal pump using Unsteady Reynolds Averaged N&tiekes (URANS) approach

were carried ouby Liu et al[5]. Turbulence was modelled using Shear Stress Transp&rt k
model, and the results predictat shutoff conditions of the pump were validated against
Particle Image Velocimetry (PIV) measurements. It was reported that two eddies existed

within each impeller blade passage and the velocity at the vekitewas very low.



Furthermore, it has beereported that the pressure fluctuations that dominate the volute
region are of the same order as that of blade passing frequency.

Several researchensvestigated the flow features within the impeller region of a centrifugal
pump using both numerical andperimental techniqueé-7]. RANS, URANS andLarge

Eddy Simulation (LES) were employed to predict the flow features watpiimpturbine It

has been reported thadththe RANSand URANSmodels were not able to predict the flow
behaviour accurately, wiei the LES based results matched well with the PIV dataas

been shown that URANS underestimates performance characteristics and overestimates
pressure fluctuations. Similarly, it has been observed that LES predicts -eisiggrge
characteristic cuy more accurately than RAN&nd that the torque predicting capability of

LES is superior to RANSTheseworks were extended furthdo investigate theeomplex

flow structure within the diffuser of a mixdtbw nuclear reactor coolant pumg][ The
authorshave reported that thfeow structures within diffuser channels are closely associated
with the position of the diffuser channel relative to the casing nozzle, and LES has been
employed to critically analyse this.

Unsteady complex flow phenomena withinetvolute of a centrifugal pump have been
investigated numerically in detadily Zhang et a[9]. The authors used LES based approach
and have reported that the distinct peaks observed in the pressurebaildse of the pump

are closely associated withet positioning of the impeller blades. Unsteady vortical structures

in the near tongue region are greatly influenced by the relative orientation of the impeller
blades with respect to the tongue, and the upstream effects of the tongue significantly affect
the vorticity distribution on the blade pressure side. Furthermore, it has been stated that the
rotor-stator interaction is dominated by the vortex shedding in the wake of the blade trailing
edge and YRUWLF D O iMpwmgerentv shUthe] ¥wngue with selgsient cutting and

distortion.



Harmonic Balance Method (HBMyas usedy Magagnato et 4l10] in order to predict the
complex unsteady flow features within the impeller passages of a centrifugal pump. The
results obtained have been verified against dali@ated from PIV. The production dn
eventual dissipation of the ktecal structures within the impeller passages has been reported
in detail. Furthermoref has beemeportedby Yao et al[11] thathybrid RANS/LES model
performs the best in predicting the flow features within a centrifygahp and carclearly
capture the wdical structures near the impeller exit and near tongue regiResearchers

used LES based approach in order to predict the pressure fluctuations vethatude region

of the centrifugal pump, and extended itpi@dictthe hydrodynamic noise generatifi®-

13]. Distinct pressure peaks have been reported in both these studies and it has been reported
that the Sound Pressure Level (SPL) increases witfiawerate, and that the highest SPL is
predicted at the tongue region.

Investigations on gessure fluctuations within the volute of centrifugal pumpsgehaeen
reported by many researchers, however, sqatigporalvariations of pressurithin the
different sections of the volute has not been investigated in detail. Hendke ipresent
study, LES based approach has been used to numerically investigate the complex flow
features within a centrifugal pump, focusing on the volute and toregiers. Furthermore,

the spatietemporal history of the pressure (and head) fluctuations within different sections of

the volute has been reported in detail.

2 Numerical Modelling of the Centrifugal Pump

Unlike most recent numerical studies concerning QW ULIXJDO SXPSTV DQDO\
Large Eddy Simulation where normally only one section of the impeller is modelled, this

study analyses the complete centrifugal pumgdel. The centrifugal pump that has been

numerically modelled is model FH32/200Afrtbm Perdrollo. Thisspecific pump has five



backward type impeller blades, where the impeller diameter is 215mm. The inlet and outlet of
pump have a diameter of 50mmdaB2mm respectivelyThe radial distance between the
volute and the tongue is 4.5mifhe castruction of the pump complies with the standards
EN 733 and DIN24255 [14. Figure 1 depicts the numerical moddltbe pump under
considerationAn entrance length of 1.56m has been specified in the present study, based on
the calculated Reynolds numtarthe inlet of the flow domaifequation {)), in order to let

the flow become fully developed before enteringithpeller eyg15].

% L V4R (1)

where Le is the equivalenDOHQJWK HQWUDQFH OHQJWK DQG ' LV W
Furthermore, an outlet pipe of 1.5m has been attached to the outlet of theThisnpas

been purposefly done so as per thigeraturethat the boundary conditions should be far

away from the region of interefl6]. Furthermore, it has been analysed and confirmed that

the outlet boundary is at such a distance from the outlet of the pump that the disturbances

from within the pump do not interfere with the outlet boundary.

Figure INumerical model of the pump



Large Eldy Simulation (LES) has been used in the present study. LES is a numerical
technique to solve transient turbulent flows. In this technique, the large flow scales are
resolved while the smaller scales are numerically modelled. The large flow scales are mor
energetic, anisotropic in nature and are mostly dependent on the fluid, flow and geometric
variables. The smaller flow scales are assumed to be isotropic and uri{/érshd order to

differentiate between the larger and smaller flow scales, filtering operation is often employed.

The filtered mass and momentum conservation equat@mmcompressible flow of fluid

are:
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Secondorder implicit scheme is used for temporal discretisation. $eyplicit method for
Pressure Linked Equations (SIMPLE) algorithm is employed for pressilweity coupling.

In SIMPLE algorithm, an approximation of the velocity field is obtained dlyirsg the
momentum equatiojl8]. The pressure gradient term is calculated using the pressure
distribution from the previous iteration or an initial guess. The pressure equation is
formulated and solved in order to obtain the new pressure distributidocities are
corrected and a new set of conservative fluxes is calculated.

The adequacy of a grid resolution for LES is generally determined in terms of the grid
spacing in wall units. Considering the complexity of the impe#leynstructured tetrahedral

meshing schemis employed with about 8 million cells as shown in fig@re



Figure 2 Mesh in (a) Impeller (iNear tongue region

Based on the wall shear stresses acting on the different flow domain walls, it has been
ensured that the firgtouple of cells are within the viscousbdayer region, while anothéy

cells are within the loglaw regime. The defls of the different y+ valuesand the
corresponding cell heightsised in the present studgre summarised in table It can be

seen tht 9 inflation layers have been used in the +veat region of the flow domain, with

the first layer height of 0.009164mm and a growth rate of 2.



Table 1 Details of y+ values

y+ y (mm) Region
1 0.009164 Viscous SuHayer
2 0.018329 Viscous SuHayer
4 0.036657 Viscous SuHayer
8 0.073315 Buffer Layer
16 0.14663 Log-Law Region
32 0.293259 Log-Law Region
64 0.586518 Log-Law Region
128 1.173036 Log-Law Region
256 2.346073 Log-Law Region

The density of the working fluid i.e. watet V. FRQVLGHUHG WR EH3}FW®VWDQW
G\QDPLF YLVFRVLW\ -sec. Rurthermore, 3@ boundary conditions at the inlet

and outlet of the flow domain are specified as mass flow inléndfthr, 9ni/hr, 12nt/hr

(Best EfficiencyPoint) and 15nVhr, and outflow respectivelyThe centrifugal pump under
consideration has a horizontalvertical inlet and outlet, hence, care has been takerder

to accurately model this.

Sliding Mesh technique has been used in the present study intordatate the impeller

blades. The computational domain is divided into rotating androtating zones, joined
throughmesh interfaces. The impeller blades and the attached hub surfaces are treated as a
rotating zone athe operating speedhe governingequations in each stdiomain are written

with respect to that suthomain's reference frame. The solver used in the present study
enforces the continuity of the absolute velocity to provide the correct neighipeatues of

velocity for the subdomain unde consideration. When the relative velocity formulation is



used, velocities in each salomain are computed relative to the motion of theduain.
No-slip condition has been specified on the walls of the flow domain. Furthermore, it has
been assumed thdne walls of the flow domain are hydrodynamically smooth.

Temporal discretisation is very important in case of transient flow analysis. In order to get
realistic flow features predictiom time step size of 5.74718X’>sechas been specified in the
preent study, which corresponds to 1° rotation of the impeller bladesnaller time step

size could also be considered for time step independent predidtibas been observed that
this time step size predicts the complex flow structures within theifogatr pump with

reasonable accuracyhich is discussed in the next section

3 Results and Discussion

The first step towards realistic evaluationtbé flow field within a centrifugal pumps to
analysethe importart flow parameters such as head developed by the pump, flow velocity
etc. Figures 3 and 4 depict the variations the head developed by the pump, and the flow
velocity within the pump respectively. Figurg&@-d) representhe head characteristiesthe

flow rates of 6n¥hr, 9ni/hr, 12ni/hr (BEP) and 15fthr. The scale of the head variations, as
well as flow velocity variations, lsdbeen kept the same for the different operating conditions
of the pump for accurate comparison purposes. It can be seen in figuthdt¥athe head at

the impeller eye is negative, which increasésng the flow pathowards the volute. The
maximum hed, at any crossection, is observed only in the volute region, as expected, and
the head gradually develops within the volute i.e. from-t@ague region towards the outlet,

in anticlockwise direction. Hence, the maximum head is observed at the duithet mump.

This trend is common at each operating condition of the centrifugal pump.

There are however critical variations within the head developed by the pump at various

operating conditionsThe first, and most obvious, variation noticed is that adltve rate



increases, the head developed by the pump decreases. Moreovwemifoonities are
observed downstream the tongue region, which are different at different operating conditions
of the pump. At 6rithr, which is neastall operating point of theump, these ariations are

quite significant As the flow rate increases, thasen-uniformities reduceonsiderably, and

it can be seen that at 13, they are restricted to a very small distance downstream the
tongue. Further analysis need to be caroetto better understand the characteristics of these
nontuniformities

Figures 4(ed) depict that the flow velocity is higher in the impeller region, as compared to
the impeller eye and the volute, as expediah-uniformitiesdownstream the tongue iieg

are quite evident in all the figures, however, it can also be seen thantregeiformities

are significantly reduced as flow rate increases, especially, in case YhiBow rate these
nontuniformitiescan only be observed in a small distanoedstream the tongue region. The
above discussion suggests that due to the interaction of the impeller blades with the tongue

region,secondary flowsre produced, which propagate in the volute, downstream the tongue

region. Thessecondary flowsend to reduce as flow rate increases.




c d
Figure 3 Variations in the head developed (m) by the pump at ) 9ni/hr (c)
12nt/hr (d) 15ni/hr
At this point, it becomes important to analyee secondary flows more detail.There are
several methods for the detection of secondary flow structures, also known as vortical
structuresin the present stugya method which is based on the velocity gradient tensor has

been adopted in the present study. This criterion, known@gepion, can be expressed as:




c d
Figure 4 Variations in the flow velocity (m/sec) within the pump at (aténgb) 9ni/hr (c)

12nt/hr (d) 15ni/hr

L-:IXI®FL 16, (4)

oln

WKHUH & LV W(skc)and 3RV is FHeVBtkain rafésec) The Qcriterion definesa
vortical structureas a connected fluid region with a positive second invariant of the velocity
gradient tensor i.e. Q 5€¢. This criterion also adds a secondary condition on the pressure,
requiring it to be lower than the surrounding pressaoréné vortical structurgl9-20].

Figures 5(a-d) depictthe variations in the @riterion downstream the tongue regifam the
various operating conditions of the centrifugal pump considered in the present Bbedy
positive Qcriterion values correspond to higher vorticity magnitude than the shearrstiein
and vice versalt can be seem all the figuresthat vortial structures are formeat the
tongue, and then propagate downstream, in the volute of the pumaip.strength decreases

as the distance from the tongue increasesan be noticed that as the flow rate increases, the
strength, and the effective flow area, covered by these vortical structures reduces

significantly. At nearstall operating point, these vortical structures tendo¢oupy the



impeller of the pump as @ll, and are distributed in the volute. However, as the flow rate
increases, these vortical structures become more compact in nature (consuming less effective
flow area), and are restricted to the volute region only. These vortical structures lead to

increased losses within the centrifugal pump.

C d
Figure 5 Variations in @riterion (/se®) downstream the tongue region at (a)’m(b)

9m’/hr (c) 12nd/hr (d) 15ni/hr



In order to quantitatively analyse the performance of the centrifugap, fgure 6 depicts

the variations in thenstantaneoukead developed by the purfger one complete revolution

of the impeller bladesat various operating conditions considered in the present .y

dotted lines represent the revolution averagebhefnstantaneous head curviésan be seen

that & the flow rate increaselspth the instantaneous anevoluion averagéead developed

by the pump decreaseBhe revolution average headeveloped by the pumgver flow rate

change fromém¥hr to 15ni/hr are 54.5mto 42m respectively. Experimentally measured
head values for the same operational raenged5m, 52m, 48m and 44nThedifferences in

the experimentally found head developed by the pump, and predicted revolution average head
are0.9%, 2.3%2.3% and 4.6% respectively. This shows that the LES predicted head values

are in close agreement with the experimentally evaluated head.

Figure 6Variations inthe instantaneouseaddeveloped by the pump at various operating

conditions



Apart from verifyng LES predicted head values, figure 6 shohwat theinstantaneoubkead
characteristics of the centrifugal pump aenuniform in natureat all operating points
After careful examination of figure 6, it was found out that the peaks occur when atermpel
blade is inline with the tongue, while thlbwer head point®ccur when the tongue is-in
between two impeller blades. The flggarameters associated with thgher head$ave
already been discussed. THiew parametersassociated with the lower headd the
centrifugal pumpare discussed hereaftewith special attention to the -Qiterion that
indicates the losses within in the néangue region. It is expected that these losses will be
significantly higher fotower headconfigurations.

Figures 7(ad) depict head variations within the centrifugal pump at different flow rates. The
scale of these figures is fromOm to 60m, whereas it wasOm to 65m in case dfigher
headconfigurations, indicating lower head develdpey the centrifugal pump. Apart from
the scale of the head variations, the rest of the flow structuraimeralmost the same i.e.
high head developed in the volute, and maximum head observed at the outlet of the pump.
Moreover, secondary flows are domman case of lower flow ratesyhich reduce in both

strength and size as the flow rate increases.



Cc d
Figure 7 Variations in the head developed (m) by the pumlpvigar heacconfiguration at
(a) 6ni/hr (b) 9nt/hr (c) 12nd/hr (d) 15ni/hr

Similarly, figures 8(ad) depict flow velocity variations within the centrifugal purop lower
headconfiguration,at different flow rates. The scale in this case has increase@dmfec,
as compared to-86m/sec ircase ohigher heaatonfiguration One obvious difference in the
flow structurefor lower headconfiguration as compared thigher heacdbne, is that as the
flow rate increases, the reduction in secondary flows is not as signifieesmh the
comparison offigures 8(d) and 4(d), it is evident that the secondary flows extend further
downstream the tongue region in caséoofer headconfiguration. One possible explanation
of this is the geometrical orientation of the impeller blades themselves. In daseephead
configuration, the tongue region is-hbetween two impeller blades. Hence, the flow
propagatingowards the outlet of the pump tends to emtéw the volutethroughthe wide
openingavailablein the neattongue region, as comparedhigher heaatonfiguration, where
this area is partially blocked by the presence of an impeller blade. Hence, more flow mixing
in the neattongue region is expected (and hence more losses within the volute of the pump)

in case ofower heactconfiguration.



c d
Figure 8 Variations in the flow velocity (m/sec) within the pumpldarer heacconfiguration

at (a) 6ni/hr (b) 9ni/hr (c) 12ni/hr (d) 15ni/hr
In order to ascertain that there are more losses in thetoregue region folower head
configuration ofthe pump, Qriteria for lower headconfiguration have been depicted in
figures 9(ad). The first indication of possibly higher losses comes from the fact that the scale
of variations in figure 9 ranges betweén2x1@ /se¢ and3x1(F/seé, whereas theange of

the scale in figure 5 is4x10%seé and 2.7x1&seé. Hence, the strength of the vortical



structures in case tdwer headconfiguration of the pump is 3x#8eé more as compared to
higher heaatonfiguration.Furthermorecomparingfigures 9(d)and 5(d) reveals that distinct
vortical structures (like vortex rings) are shed downstream the tongue region in tagerof
headconfiguration. Vortical structures are present in casaigier headconfiguration as

well; however, they are more scattesst weak in strength. Hence, these vortical structures
are the primarycause forthe loss of instantaneous head developed by the pump, and the

reason for the formation of these structures is the klmmgue interaction

C d
Figure 9Variations in Qcriterion (/se€) downstream the tongue region fower head

configuration at (a) 6fthr (b) 9ni/hr (c) 12ni/hr (d) 15ni/hr



In order to further decipher the instantaneous head developed within the volute of the
centrifugal pump, at various operating conditions, figures 10 arh\id been used ttepict

the spatial variation®f the head at both thkigher and lower headonfigurations. The
circumferential distansewithin the volute (anticlockwiseareshown here on a linear scale,
where x/L of 0 and 1 corresponds to the rleague region aneéxit planeof the volute
respectively. It can be clearly seen that as the flow raieases, the head developedhe

volute decreases. Furthermore, the head developed in the volute increases as the
circumferential distance from the ndangue region of the volute increases, until the
maximum head is obtained at the exit plane of thlete. This trend is same in batigher

and lower headconfigurations, with two main differences, first bgithe scale of the

variations.

Figurell Variations inhead developedithin the volute fohigher headonfiguration
The second notable difference is the fact that the head developed just downstream the tongue

region is higher for higher flow rates, which is contrary to the trend in the rest of the volute.



This is due to the presence of vortical structures downstreartorigae region, which are
represented as namiform variations in the head curve, where these variations are more
abrupt at lower flow rates, and almost r@nstent in case of higher flow rates. Hence, lower
flow rates exhibit higher losses just downatrethe tongue region, as compared to higher

flow rates.

Figurel0 Variations inhead developedithin the volute folower headconfiguration
LES provides an opportunity to understand the turbulence behaviour within the flow field.
For this purposdjme average resolved uv Reolds stressesave been computed different
operating conditionand shown in figures 11¢d). Time averaging has been carried fout
one complete revolution of the purap suggested by Rice [2Higure 11(a) shows complex
flow features near the bladips, both on pressure and suction sjdedicatingthe ikelihood
of generation of blade tip vortices lower flow rates. The magnitude of uv Reynolds stresses
change significantly along the circumference near the blade tiggaimg presence of

vortices. This effect seems to become less significant at higher flow rates (figures 11(b to d).



C D
Figure 11 Variations in resolved uveRnolds stress (ffse€) for one revolution of the pump

at (a) 6ni/hr (b) 9ni/hr (c) 12n¥/hr (d) 15ni/hr
4 Conclusions
Transient analysis of a centrifugal pump has been carried out in the present study using LES
DQG 60LGLQJ OHVK DSSURDFKHV 7KH FHQWULIXJDO SXPS
various operatingonditions. It has been shown that LES predicts the complex flow features

within a centrifugal pump with reasonable accuracy. Sgatigporalinstantaneous head



variations within the centrifugal pumpave been analysedtitically, alongwith the flow
velocity variations,with the focus on understandindpe flow behaviour in the nedmngue

region of the pump It has beerconcludedthat the interaction of impeller blades with the
tongue leads to complex secondary flow featwated vortical structuresThe generation

and subsequent dissipation of these vortical structures is strongly dependent on the
geometrical orientation of the impeller blades with respect to the tongue. These flow
structures are carrietbwnstream the tongue, and are the primary rebsotine head losses
within the pump. Thehigher head points othe head curve corresponad the orientation

where the tongue is-line with an impeller bladewhile thelower head pointsorrespond to

the tonguein between two impeller bladeSpatial varations in the head developed by the
pump has shown that higher head is developed at higher flow rate just downstream the tongue

region, as these vortical structutesetheir strength as the flow rate increases.
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