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Abstract

A numerical case study on identifying the optimum number of bucketsafd®elton turbineis presented Three
parameters number ofbuckets,bucketradial position andbucketangular positiorare groupedsincethey are found to

be interrelated.By identifying the best combination of the radial and angular position for each number of butkets
shown that reduction irthe number of bucketdeyond the limit suggested the available literature cammprovethe

runner efficiencyand be beneficial fom the manufacturingcomplexity and cospoint of view. The effect of this
numerically suggested reduction in the amount of buckets was evaluated experimentally and confirmed that the
efficiency was successfully increased.

1 Introduction

The design oPeltonturbineshas been developed fomore than a centuryl] sinceits invention by Lester Peltof?] in
1880 Available literature usually concentrates distributor [3, 4], injector [5-12], bucketgeometry[13-20Q] or turbine
casing[21] analysis odesignoptimisation. However not much work is published in terms of tie@timum number of
buckets.

Generally there is a tendency of fitting as many buckets on the runngossbleto ensure efficient transitiof the jet
from one buckéto another withoutwasting theenergyof a water jet However there are energy losses associated with
jet entering the bucket and providingpmeamount of countestorque (Fig. 1.)as theouter sideof the bucket hits the
surfaceof the jet[22]. Therefore a minimum amountfducketsensuringthat no water particles are lost during the
transition from one bucket to another should lentified [22-24].
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Fig. 1. Typicabrque curveson asingle Peltorbucket
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This paper concentrates on further developing a Pelton runner by identifying the optimum number of buckets and their
mounting position after the geometry of the bucket has been modifi&dPelton runner was optimised at Lancaster
University by parametrichl modifying the shape of the bucket and then adjusting its mounting position and is presented
as Case 2 if25]. The study showed that after changes to the bucket geometry are made the runner efficiency might
benefit from reassessing the number of buckéthe bucket shape of the modified runner described in Case BloivEs

further improved analytically by modifying the geometry of the-out, the splitter tip and the outer side of the bucket
regions To evaluate the effecof these modification€ompuational Fluid Dynamics (CRBas appliedAs the final step

it was decided to readjust the positioning and spacing of the budltes assumption is made that the three parameters:

the number of buckets, the angular position and the radial position are highly interrelated and therefore should be
analysed as a group in order to achieve the best result.

2 Background

There argheoreticalsuggestions on calculating the requiraghount of buckets that arderived by looking at the relative
paths of the water particlesn 1957M. Nechlebd24] suggestd acceptablenumber of buckets () based on a ratiget
diameter (&) overrunner diameter (D) as shown ifiable 1.Thissuggestion givequite wide ranges of buckets per
different do/ D raticstherefore is not very exacBince therthe industry has developed more exaptidanceto calculate
the amountof bucketsincluding additionaparameterslike bucket width to assist engineerBhese methods correlate
with suggested ranges by M. Nechlelmnever, they are not publically available.

Table 1¢ Selecting the number of buckets

SelectNumberof Buckets

do/D Nb

1/6 17t0 21
1/8 18 to 22
1/10 19to 24
1/15 22to 27
1/20 24 to 30
1/25 26 to 33

M. Eisenring[22] suggests Eq. (1) to calculdbe optimum number of bucketBy relatingthe length of the pitch circle to
the optimum jet diameter.
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Moreover,astatementis madethat a minimum of at least 16 buckets should be installed. This statedws® not agree
with M. Nechleba [2] who suggests Abuckets to be the minimum as presentedTiable 1.

Work published by. U. Atthanayake[26] suggestsan empirical relatiaship given in & (2) to select the number of
buckets. However, no references are given to the work establishingthisricalrelationship.

06 — pu (2)

B. A. Nasif27] has also published paperthat covers the number of buckets which it is suggested to use Eq. (3) to
calculate the optimum number of buckets.
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The fact that it is not clearly stateddfsthe nozzlediameteror the jetdiametergives some uncertainty to this equation

as the jet diametemight be different tothe nozzle opening diameter. This difference is even more pronounced at the
best efficiency point when the flow rate is not at its maximum and where the turbinsusllyoptimised. It will be
therefore assumed thathe nozzle diametr is to be used in Eqg. (3) since it is a constant value.

The suggestions of all the authors reviewrdhis sectiorare taken into account and the suggested number of buckets

is calculated according to each suggestion using the parameters éfalhen urbine used in this casél'he dimensions

of the prototype runner aren accordance with the minimum required values for model size and test parameters (IEC
60193[28]): pitch circle diameter = E2Zmm, jet diameteat the best efficiency point 30.1mm and nozzle diameter =
46.9mm. Table 2 provides the resultant number of buckets according to each suggestion.

Table 2¢ Resultant number of buckets as suggested by different saurce

Author Suggested N
M. Nechleba 18to 21

M. Eisenring 17

I. U.Atthanayake 26

B. A. Nasir 18

It is evident, that ot only there is a strong disagreement between the suggested ways of identifying the optimum amount
of buckets in the available literature sources but none of them provide any experimental or numesieaich data to
supporttheir suggestionsMoreover,they do not take into account the fact that performance of runners with different
amount of buckets should beompared when the beket is mounted at its optimunadial andangular positionwhich is
different foreach number of buckets because of different spadig. 2 provides a diagram showing thain dimensions

of bucket positioning. The angular position describes at what angle is the bucket mounted on a runner and the splitter
tip circle diametedescribes the radial position of the buckehile keeping the pitch circle diameter fixed.
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Fig. 2. Parameters used for bucket positioning.

It will be explained in sectio®Numerical Modellinghat in order to find the best angular and radial position a minimum
of 9 data points per each number of buckets is required. Performing such study experimemalty bea costly and
difficult process. Thamight explain the lack of experimentally estahed guidance on selecting the number of buckets
andavailability otheoretical suggestionsnly that are inevitably based on assumptions and are prone to have limitations
However, recent development in CFD methods and computational resources alowatsig the performance of Pelton
runners that include complex phenomena likaultiphase, free surface, highly turbulent floier a relatively large
number of design variationsithin a reasonable timescale



3 Numerical Modelling

Computational Fluid Dynans is used in this study to simulate the performance of the runner and calculate its efficiency
at the best efficiency point for different combination of the three parameters of interest. According to the literdfure [

the most widely used CFD code farmerical modelling of Pelton turbine and accurate prediction of its efficiency is
ANSYS CFX9[2 The most recent publications on Pelton modelling with CFX use k{ { ¢ (i dzNb dzf Sy OS
Homogeneous multiphase model. Since modelling of Pelton turbinéoeance requires very high computational
resources many simplifications are introducesich as assumption that gravity or surface tension is negligible or
modelling of only few buckets of the runner and then constructing the torque of the whole runner. More detailed
description of the CFD method used was described in the initial optimisatiody [5] already mentioned in the
introduction.

DesignrExpert B0O] software for Design of Experiments (DOE) apprasetsed to find the best combination of the radial

and angular position per each number of bucké&tke chosen method for this D@Balysis is the Central Composite
Design (CCD31], which is designed to estimate the coefficients of a quadratic model and consists of three groups of
design points:

a) two-level factorial or fractional factorial design points
b) axial points (sometimes callédtar” points)
C) center points
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Fig. 3. Layout of the design points for the DOE study with two factors.

Fig.3 provides a typical layout of the design points for the DOE study containing two factors. Thetafegaires 9 data
points per each number dfuckets to fit a surface representing the efficiency respongbéangular and radial position.
The chosen range for the number of bucketé4sto 18 since 1&the maximum number of buckets thaanphysically

fit on this runnerTherefore a total of 45 data points is required for this stulgontour plot for a runner with 18 buckets

is provided in Figd where efficiency is normalised to the overall maximum efficiency, the angular position isagi\een
relative measurement usg the most optimum angular position for a runner with 18 buckets as a datum and the radial
position is normalised using Eg. (4). The most optimum angular and radial positioa reihner with 18 buckets was
chosen to be used as a datum position becausedriginal runner was containing this amount of buckétsalogous
contour plots are used to identify the maximum efficiency for each number of buckets.
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Fig.4. Efficiency respnse contours to radial and angular position for a runner with 18 buckets

By taking the maximum efficiencies of each number of buckets a graph given friddgeatedshowing that the peak
efficiency is achieved using 16 buckets instead of the initial number dftigresultagrees withthe initial assumption
that 18 is no longer the optimum numbeff buckets since the bucket shape was modified and resulted in arlaige
bucket. This reduction in the amount of buckets suggested by CFD resulégieement with another similar case study
by J. Vesely and M. Varn@&?2] where experimental results showed that less buckets werguiredafter optimising the
bucket $iape.
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Fig.5. Normalised efficiency vs. the number of buckets.

The results show that using the theoretical guidance provided by M. Nechldba [Rumber of buckets close to the
optimum can be determined. Howeveahe optimum value can only be achievethpgirically because of the limitations

in these theoretical methods caused by the assumptions made. When calculating the optimum number of buckets
theoretically it is assumed that the water jet particle always remains in the plane parallel to the dkis tofrbine.
However,the trajectories ofsome of the water particlem the jet streamare slightly @flected because of the Coanda
effectas water detaches from the outer side of the bucket when the jet is completely cuiletf, only the torque from



the positive pressure on the inside of the bucket is considered. However, CFD results show a noticeable amount of torque
caused by thget pulling the bucket on its outside@hen the bucket is cutting into the jet. The negative pressure region

on the outsideof the bucket is provided in Fig. This phenomenon is also observed experimentally23y 33]. The
typicaltorque curves(Fig. 1)acquired numericallpn the inside and the outside af singlebucketgive an indication on

the amount of the torque causgkby this negative pressutlat ispulling the bucket
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Fig.6. Negativepressure on theutside of thebucket.

It can be seen from the efficiency response to the number of buckets presented &tliég for this runneranumber of

16 buckets would behe optimum when aiming at the most efficient turbine design at all cdstswvever the variation

in efficiencybetween 15, 16 and 17 buckets is less than 0.18ts small variation could be treated as negligifie.be
more exact according to these ressllif a number of 15 buckets was selected instead of 16, the resultant efficiency
difference would be as small as 0.07 Phe difference is so small that a sensible decision from manufacturing and
economic grspectivecould be to use a runner with 15 buclketvhich is the lowest number beforenaore noticeable

drop inthe efficiencyoccurs

Fig.7 and Fig.8 provide the optimum radiahnd angulamposition data taken from the contours for each number of
buckets.The optimum positioning of the bucket is changiwith the number of bucketand therefore must be taken
into account when thoroughly looking for the optimum amount of buckets on the runner.
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*it is a nondimensional measure acquired using Eq. (4)

Fig.7. Optimum radial position (normalised with tlmitial position) for each number of buckets
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Fig.8. Optimum angular position (relative to the initial position) for each number of buckets

4  Experimental Testing

The CFD methods and solver settings used in this study have been previously validgtedlesteéd by various authors

[18, 23] showing that numerical modelling of similar problems has reached a state of reliable accuracy. However, the
authors are aware gbossiblephysical limitationgherefore as a result experimental testing of two runnersing 18 and

15 bucketswas performed It was expected that despite a possible systematic offset between numerical and
experimental results, the increase in efficiency when going from 18 buckets design to 15 would be consistent between
CFD and experiment.

The experimental testing was performed at the Laboratory of Hydraulic Turbo Machines of National Technical University
of Athens.The test rig and the manufactured runnexge provided in Fig andHg. 10respectively The laboratory test

rig and the measring procedure compdd with the international model test standard$EC 60193:19984]. Table 3
provides the key ltaracteristic dimensionsf the testing facility and the modeAll instruments were calibrated at the
laboratory according to théEC 60193999standards The calibration was performdzkfore and after the experimental
testing to confirmthat the accuracy wawithin the rangespecifiedby the manufacturersThe totaluncertaintyof the
measured efficiency was equal to £%While the randomuncertainty in efficiency was investigated according to €
60193:199%tandards and found equal t@#%with the 95% confidence levéh this case, the random uncertainty was

of primary importance as two designs were compared at identical conditions, hence the comparison was not influenced
by the systematic uncertainty.

Table3 ¢ Characteristic parametersf the experimental test rig

Test Head, H 60 m
Pitch Circle Diameter,,D 320 mm
Bucket width, B 120 mm




No=18

Fg. 1Q Prototype runners with 18 and 15 buckets.

Experimental testing resuliare provided in form of efficiency hill charts in terms of the unit speedeq. 5)and the
unit flow rate specified to the bucket width and one j& (eq. 7) Ejuations used todefine these parameters
characterising the operating condition$a turbineare based on the Affinity law24, 35] and most of them can bund
in the [EC 60193:199%tandards

Unit speed:

€ o= (5)

Unit flow rate:

CR
|

Vi (6)



In the IEC 60193:1998tandards the minimum model size of Pelton turbine is specified in terms of bucket (aisith
oppose to the reference diameterhich is a characteristic minimum dimensifor other turbineg. This suggests that
bucket width represents the Pelton turbine ther than the reference diameter; hendellowing the same logic additional

unit flow rate definition was made to allow more generic comparison of Pelton runners. This equation of unit flow rate
specified to the bucket width and one jet allows comparisetween differer specific speed Pelton runners.

Unit flow rate specified to the bucket width and one:jet

i

C

T (7)

Each runner was tested at single jet (lower jet) and two jet operation. A test plan consisted of 61 data point (6 different
rotational speed values for each 10 flow rate values plus the original best efficiency point that was used for CFD study).
Testing sequence and the data points are providedgnF.
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Fg. 11 Test plan and testing sequence.
5 Results and Discussion

Normalised experimental results of runners with 18 and 15 buckets are provideg. ihZftwo jet operation) and ig.
13(single jet operation). The datum for normalising of all experimental results was the measured best efficiency point of
the runner with 18 buckets undethe two jet operation.The efficiency increase at the best efficiency point was 0.4%
under the two jet operation and 0.8% under the single jet operation, showing that the peak efficiency has increased as
the number of buckets was drasgity reduced.



Two jet operation
Normalised Efficiency Hill Chart Normalised Efficiency Hill Chart
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Fg. 12 Normalised efficiency hill charts of runners with 18 and 15 buckets under two jet operation.
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Fg. 13 Normalised efficiency hill charts of runnevigh 18 and 15 buckets under single jet operation.

curves are presented:

To represent the performance increase under complete range of flow rates and the possible change of the best efficient
unit speed, efficiency vs.1@Q graphs at constant 11 valueswere produced (i§. 14and Fig 15). In both figures three

black¢ performance with original number of buckets & 18 atthe best efficient i value,

blue ¢ performance with reduced number of buckets N15at the original best efficientivalue,

red ¢ performance with reduced number of buckets®N15at the best efficient m value for thereduced number
of buckets design
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Fg. 14 Comparison of runner performance at the best efficientusing18 and 15 bucketg twin jet in operation
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Fg. 15 Comparison of runner performance at the best efficientusing18 and 15 buckets singlejet operation

For single jet operation there is almost no difference in the best efficienbihthe runners with 18 and 15 buckets.
However, when both jis are operating, the best efficientinfor 18 and 15 buckets is quite different. l.e. there is a
reduction in the best efficientn for the runner with 15 bucketdMoreover, in two jet operation the efficiency increase
is local and drops to negative feery high flow ratesHigher improvement in the efficiency for the single jet operation
and the reduction of the best efficientunfor two jet operationindicate that the runner with 15 buckets is experiencing
some problems in the two jet operation.

Theproblem wasidentified to be the jet interference during the operation with both jets. As the number of buckets is
reduced the angle between the buckets is increased. This means that the first jet is entering the bucket for slightly longer
time before itgets cut off by the following bucket. Consequently the water from the first jet stays longer in the bucket as
presented in lg. 16 Therefore there is a possibility that the second jet starts entering the bucket before the water from
the first jet has cleged. The problem of jet interference the two jet operation was investigated by Wei, Yang ef38]
andindeedshowed reduction irthe torque produced by the second jet in the case where the angle between the jets is



too small Hg. 17. This interferace can only be expected tacrease as the flow rate is increased and more water is
entering the bucket.
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FHg. 17 Two torque peakénverted)generated by twgets on a single buckgB6].

To check ithe interference between the jetis the case in the current runner with 15 bucketse torque curve from a
single jet operation was copied and shifted by 80° which was the angle between the jets in the.tagt dgpresents
the two torque curves on the runnevith the original number of bucketspMN18 As expected the transition from tHist
jet entering the bucketo the secondwas svift. |.e. the water from thdirst jet has left the bucket just before theecond
jet was entering shoimg that the angle between the jets wagppropriatefor the original runner. However the torque
curves provided irHg. 19indicate that there is gotential for interference between theirst and secondjets. This
suggests thaif the angle between the jets was increased to eliminate the interference between thesrefficiency
increase provided by the runner with 15 buckets under the operation with bothcitisbe expected to bkigherthan
0.4% at the BERNd consistent osr the whole range of flow rates astime single jet operation.

Overall, the experimental results show that the runner was successfully optimised by reducing its number of buckets
from the original 18 to 15 which is beyond any suggestion found in Padtsign guidelines available in the public domain.






