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ABSTRACT

Flow around the Guide vanes (GV) in Francis turbine differs thi¢shape of hydrofoils. The differencethre

pressure of fluid travelling to pressure side andtion side of GV contributes to flow behavior. This study
presents the numerical technique using alternative clearance gap method to predict the flow around GV and its
consequent effect on turbine performance. GV profileasignificant effect on thegsformance ofheturbine

with sediment contained fluid flow. In this papgymmetrical NACA 0012 and cambered NACA 2412, NACA

4412 hydrofoi$ are studied introducing 0 mm, 2 mand 4 mm clearance gap/ortex filament can be seen

when fluid leaves thelearance gap due theleakage flow occurring through the gap. The intensity of vortex
leaving clearance gap rises witim increase inthe size of the clearance gap. However, ihe case of
asymmetrical GVprofile, thevelocity of fluid travelling alonghe vortex compared to that of symmetrical
hydrofoil is lower. In case of low specific speed Francis turbines, this vortex is foundimédger reason to

erode the runner surface due to high velocityasfand particle travelling with them. With the aftative
clearance gap approach, this paper compares the pressure pulsation downstream of GVs contributed by leakage
flow for threeNACA profiles, whose frequency is half of blade passing frequency.

Keywords: Francis turbine; Sedimenterosion; Leakage flow; Vortex; Efficiency; RSI, Blade passing
frequency

NOMENCLATURE

CTP Normalized Total Pressure P pressure
E specific hydraulic energy of tunié p* dimensionless pressure
& approximate relative error %) average pressure
€ext extrapolated relative error PS Pressure Side
f frequency R grid refinement factor
fo blade passing frequency SS Suction Side
GCline Grid Convergence Index of fine mesh
n' dimensionless runner rotation f variable for GCI calculation
h size of grid densit
RSI Rotor Stator Interaction y

1. INTRODUCTION prospects of Francis type machine around the globe

arereported to be around 80%4dmaet al, 2018.
Hydro-turbines experiences severe effects while The_ assembly of Franc_is turbine consists of a spiral
operated with sediment driven water flowing from C€asing, stay vanes, guide vanes, runner and a draft
Himalaya basins of South Asf@hapa, 2004Thapa,  tube.
Dahlhaug, and Thap#013. Francis turbines are  gyide vanes (GVs) are the important part of Francis
reaction t)_/pe machlnes_whlch are severely affected, pine assembly thatontributes tahe conversion
dueto sediment content in wated¢opane, Dalhaug,  of total available hydraulic energy partly into
and Cervantes, 20).2However, the need and  scceleration energy. Flow while entering the GV
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experiences accelerated floWhese high velocities difference is created in between these sides which
of the fluid flow leaving GV enters runner a tend to pull water towardse suction side. This will
designed angle. This impartsotational kinetic  result to the croskakage w from the clearance
energy to runner blades and leéliverunner domain  gap oirala, Zhu and Neopane, 2016 The
from thedraft tube. However, to makecapable of  amplification of noruniform velocity profile after
entering fluid to the desired amount during different water leaves stay vanes gets cumulated with leakage
load variations, GV can freely rotate from its axis. flow from GV surface, resulting in more
This allowance for GV rot@n is possible due tie irregularities.The erosion irthe suction side of GV
clearance gap in between GV surface and the facings predominant due to heavy vortex flow. However,
plate. During no operation of the Francis turbine, the local separation and turbulence created results wear
available gap between GV surface and facing plate isin all sides of the GVErekke, 1983.
minimum, called as Dry Clearance. However, the

size of clearance gaimcreases due to hydrostatic -

2 1 mm gap

pressure between GV and facing plates. * * *05mmgap

& & &0 mmgap
J

Apart from the hydrostatic pressutage size of the 100 —
gap also increases due to shear forces from particles
contained inthe fluid. These sediment particles can
enter the clearance gap GVs. Gradually, these
particles shear off the walls of GV surface towards
facing plate Thapa, Dahlhaug, and Thapa, 2p15
The behavior of fluid flow from GV is highly
unpredictable, due to wakes through trailing edge
and crosdeakage flow through the clearance gap : : | : | :
(Elde and Brekke2002 Eide, 2004 Brekke, 198$ 20 30 40
Experimental investigations on flow behavior in GV Output [MW]

were carried out in past tpredict the effect of Fig. 2. Effect of leakage flow in theefficiency of
outflow from GV trailing edge towards runner inlet turbine (Brekke, 1989.

(Thapa, Dahlhaug, and Thapa, 201@hitrakar,
Thapa, Neopane and Dahlhaug 20Thitraka,
Thapa, Dahlhaug and Neopane, 20This results

in the highest wear inthe GV region due to
accelerated flow through GV surface and leakage

flow (Koirala, Thapa, Neopane, and Zhu, 2pTBe showstheefficiency measurement of Francis turbine

consequences resulted in tharnhation of vortex I ; g
) . ) . with different size of clearance gaps. The efficiency
flow in guide vanes, thus accelerating the sediment f th bine d d by ab 2 504 with th
erosion Chitrakar, Neopane and Dahlhaug, 2016 0 t etur_ In€ decreased Dy a out 2.5% with the
’ ' increase irthesize of ¢earance up to 1 mnB(ekke,

1988. This can be severe ithe context of

hydropower plant operating with very high sediment

concentration in Nepal. It was reported that size of

clearance gap was around 10 mm at some locations

of Kaligandaki 60A6 hydropower pl ar
sediment erosiorKpirala, Thapa, Neopane, Zhu and

Chhetry, 2018 In a similar study, erosion depth up

to 35 mm at some locations of GV of Bhilangana

HPP, India wasobserved Acharya et al, 2019

Gautamet al,2020.

Relative Efficiency [

The increase irthe size of clearance gap due to
erosive wear reduces the overall efficiency of the
turbine Koirala, Zhu and Neopane, 201&oirala,
Thapa, Neopane, Zhu and Chhetry, 20Fégure 2

This study usean alternative clearance gap method
to distinguish the effecof leakage flow with the
rotor-stator interactionto compare GVs ith
different profiles In presented study NACA 0012,
NACA 2412 and NACA 4412 hydfoil is used.

\ NACA 0012 is symmetric hydrofoil with maximum
Leakage flow from clearance gap thickness 12% of total chord length at 30% of chord.
Fig. 1.Leakage flow due to pressure difference ~ Hydrofoils NACA 2412 and NACA 4412 are
asymmetrical hydroféé with camber of 20 and 4%

respectively a0% chord as shown in Fig. By

using Fast Fourier Transform (FFT) of the signals,
resulting amplitudes of harmonics at blade passing
frequency is differentiated from the amplitudes

contributed by leakage flowGautamet al, 2019.
This study compareshe resulting amplitudes of

pressure pulsations due to leakage flow for
esymmetrical and asymmetrical GV profiles.

Clearance gap

PsS

When water flows through GV leading edge, flsw
divided into two adjacent GV surfezeOne surface

is located nahigher radius from center of the turbine
and the other is located to thmaller radiugis shown

in Fig. 1 This difference in radius of fluid flowing
domain differentiates these sidesltte: i) Pressure
Side (P$ wheretheradius is larger and ii) Suction
Side (SS) to smaller radius side. Hence pressur
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. o Max. thickness= equation of continuity and momentum are written in
‘ = 12708t 30% ehord the form of NavieiStokes equation in-glirection as,
NACA
0012 UC = qu  u u u 2
> 2 < —
40% ré +—(u )+_(UV)+_(UV‘/)u—
' * 2% camber e}Jt WX Wy Uz u
NACA N 2 2 2
2412 ° WP, euu+pu+uuf3 1)
Z1 vl 2 2
40% 4% camber 258 @“X Ly’ pz @I
NACA D ) ] _
4412 0&= = The timeaveraged NavieBtokes equations nabe

brought together as in the form of RANS equation,
Fig. 3. Geometry of different GV profiles

e ~2 W=\ p[—g_ up

4 +— + = = - — +
2. NUMERICAL MODEL rg&(u ) uy(uv) pz(uw)g X
. &2y Pu LPug
2.1 Boundary Conditions mee e B B

eMNx”  Wy" Mz g

This study usesa prototype turbine of Jhimruk .
Hydropower Plant, 12.3 MW. Figuré shows the ep %u‘28+ﬂ ruvl+ P lrowE (2)
numerical model ofhe current studyThe gecometry g&g + uy( ) uz( ﬂ
of the turbine runner was designed with the site
specification ofa powerplant using in house turbine This study useshe Shear Stress Transport (SST)
design Koot waQuer vé s f r o torbulemce fnodelferritg good behavior in adverse
imported to ICEM CFD 17.1 to generaberequired  pressure gradients and separating flow. The
fluid flow domain. There are 24 GVs in the prototype equations are definems,
turbine. The numerical model tifecurrent case uses ( k)
24 GVs with 12 clearare gaps alternatively as MJ,_“ ll p- b'r i+

e

shown in Fig. 4. Structured mesh fahe fluid pt HX;

flowing domain wascreated in ICEM CFD. Mesh o ~

were refined neaawall to capture the wakes leaving Lga S f’?)ﬁg @)
atrailing edge. Mesh for each GV, clearance gap and  x; g K b, 9EI

runner were created separatelesh for each

domainwasconnected in the numerical model using ll(’ l)v p(ru-w) g
asuitable interface during steady and transient state ——~+ =S p-brw
numerical analysis. In this case, the rotational speed ~ H ST

of the runner was provided as 1000 rpm, which A9 &
corresponds to the speed of the atturbine. At the H &mes,mPai

inlet of model, mass flow rate of 2350 kg/s with  X; g i

cylindrical velocity component of (60.34,-0.94)

from actual case of power plant was given and at the 2(1- Fl)ﬁﬁﬂ
outlet average static pressure of 1 atmospheric WX X
pressure was set, which is wideycapted boundary

condition for numerical simulation of hydraulic This equation gives good agreement between -mass
turbines (EC, 199). GV blades, runner blades, hub transfer —simulabns with ~experimental data
and shrod were specified walls with mslip ~ (Chitrakar, Thapa, Dahlhaug, and Neopane, 2017

condition. Attheinlet of the domain, 5% turbulence The sensitivity study of the turbulence models SST,
intensity waused. BSL ard Omega RS suggests SST mdaekuitake

] ] for the current case to€itrakar, Thapa, Dahlhaug,
2.2 Governing Equations and Turbulence  andNeopane, 2016

4

Model
The commercial CFBolver ANSYS17.1 was used 3. VALIDATION OF THE REFERENCE
for numerical simulations in tesadystate and CAse

transient  condions using  highresolution
discretization in advection scheme. Transient Blade3.1 Mesh Senstivity Analysis
Row model was used for unsteady analysihe

solution of 0.06s tne, equivalent to 1 revolution of

the runner was recorded aftéetsolution was con i h .
verged. The convergence crite for mass, different mesh ws created aSoarse, Medium and

momentum and turbulence parameters were set to &N€- The rumber of elements at each edge in@ 3
rootmeansquare (RMS) value 1. The inner loop surroundingblock of geometry were increased by

iteration for transients at each time step was selected->*- For the uncertainty measurement clearance
to be 10. gaps were not introduced. Discretization error for the

numerical was determined as follows:

This study uses GCI technique to estimate the
discretizéion error Celik et al, 2008. Three

Reynolds averaged Navi&tokes (RANS) was used
to solve the numerical moddbr incompressible
flow. For an incompressible and isothermal fluid,

i) The average length of each element for-B Bnesh
was determined as,
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Alternative Clearance Gap

Inlet Inlet\
0012 4412
Fig. 4. Numerical model for alternative leakage flow
NN gl/S acting on the turbine. Uncertainty the efficierty
h= eia ( )u 5 measurement from mediumesh tofine mesh was
gN 2 ) ®) found to be 0.0033%. This gives good agreement in

i) Let h <h,<hyandr,, =h,/h,r;, =h/h, the
apparent ordemnvas solved as ifEgs.6,7 and 8
using fixedpoint iteration method,

(6)
p= ||n|332/921| +q( p)|
In (21)
s0 Q)
a(p) = Ina?;; 2
s=1sigre,,/ e,) ®
iii) The extrapolated values were calculated as,
Foa=(hfy- £ - 1) ®)

iv) Approximate and extrapolated relative error was
calculated as,

f-f
21 _ |1 2
S (10
12
eixlt = fethz f (11
fext
1.25e*
GCl2 =—""""
fine rp _ 1 (12)

21

Three different mesh witthenumber of elements as
shown in Table 1, were used to measure numerica
uncertainty A monitor point, Point 1 was introduced
inside the runner domain to monitor pressure with
three different mesh. Point 1 was locateddesihe
rotating domain as shown in Fig. Sp that the
uncertainties during runner rotation could also be
observed.

measuring the efficiency with any of fine mesh or
medium mesh. Howevethe coarse mesh scheme
showsavery low efficiency of the turbine. Thuthe
coarse mesh was not used for further numerical
study. Measurement of uncertainty in the pressure
gives 0.198% from medium mesh size to fine mesh.

Fig. 5.Point 1 inside runner domain.

In Figs. 6a-b velocity along GV profile is shown
from the leading edge to trailing and back tioe
leading edge, thus coverif$ and SS of GV profile
with 43 points in the profile. First half in each figure
shows the uncertainty in velocity measurement in PS
and SS for second half separatedatsplidline. It is
seen that length of the uncertainty band is less in
leading edge area than that of trailing edge. This may
be due to wake flow downstream the GV region and
higherpressuredifference near the trailing region.
This is further explained in the experimental
validation of the numerical case (section 3.2)

3.2 Selection ofClearanceGaps

IIn the presented study 24 GVs are present. The

influence of clearance gaps at different periodic
positions of GV is studied in this section. For runner
rotation of 1000 revmif, blade passing frequency
(fo) for the turbine is 400 Hz. In case of GV without
clearance gapnfoccurs exactlyat 400 Hz and
consequently to 2f 3fué ,

In this case efficiency of the turbine and pressure at1200 Hz and so on as shown in Ffg. The peak

Point 1 were considered parameters for measuringoressure pulsation

the uncertainty. Efficiency was naaed using Euler
turbine equation as the ratio of power output to the
power input. Power output was calculated frima
torque of the turbine and its rotational speed,

whereby power input was obtained from the net head

is due to the redtator
interaction.

In the second case, when a single clearance gap is
ot her

selected in a single guide vane wiH |
without it, the effect of clearance gap is observed at

1410
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Fig. 6. Numerical validation of reference case: (a) Extrapolated results, (b) Uncertainty measurement.
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Fig. 7. FFT of pressure pulsation inside runner (a) Without clearance gajgb) Single clearance gap, (c)
Four clearance gap periodically and (d) With alternative clearance gap

frequency corresponding te24 Hz.Thus,thefirst
harmonics of pressure pulsation occurs at 16.67 Hzwell, these peak pressure pulsations are solely due to
Consequently, ot successive harmonics fzé |,

occurs at 2*16.67=33.33 Hz, 3*16.67=50 Hz and so

on as shown in Figb. These occurrensef peak

pressure pulsations befdieare due tahe presence

of aclearance gap at single GV alone. Furthermore
4 clearance gapsere presented in 4 consecutive
GVs ata 90° span. As discussed above, in this case

Hz é.

the presence of clearance gap in GV.

sa anas shown in Fidic. In this case as

Finally, clearance gaps are placed alternatively in 24

GVs. Thus, in 24 GVs there are 12arance gaps,

eachgapplaced at 30 degrees of periodic positions.
'As discussed above, in this cdlseeffect of leakage
flow can be analytically observed at 1224 Hz i.e.
200 Hz. Thus, at 200 Hz effect tife clearance gap

first harmonics should occur at 424 Hz i.e. 66.67 b lelv ob d Ve h .
Hz. Consequently, other successive harmonics occufan be Solely observed. @thsuccessive harmonics

at 2*f, 3*hé corresponding to 133.333 Hz, 200 corresponding ttheeffect of leakage flow occurs at
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Fig. 8. Experimental validation: (a) Flow field GV-PIV Experiment, (b) CFD results (Chitrakar,
Dahlhaug, and Neopane, 2018

Table 1 Discretization error in numerical case

Grid
Number of Elements Measurement Parametéf) Convergence
Grid T Grid Refinemer Index (GCI)
na type Factor () Pressure at
RV GV Efﬁciency (fl) pOint 1 (kpa)
(72)
Coarse 317016 144144 76.817 1447.337
21 = 0,
Medium | 1034319 346028 r=1.521 96.642 1271.812 /,=0.003%
) r¥221.443 f220.198%
Fine 3614093 | 1233216 96.949 1250.591

400Hz, 600 Hz, 800 Hz and so on. In this case, since
400 Hz is the effect of RSI, its effect is observed at
fo, 2*fb, 3*fb, corresponding to 400 Hz, 800 Hz, 1200

Hz and so on. The effect dhe clearance gap 4.1 Leakage flowFrom GV

observed predominantly at 200 Hz can be observe
at 200 Hz, 400 Hz, 600 Hz and so on as shown in
Fig.7. d. Thus, usingan alternative clearance gap
effect d clearance gaps can be observefibigeRSI
makinganalternative clearance gap method suitable
for predicting effects of leakage flow.

3.3 Validation with

Results

the

Experimental

4. RESULTS AND DISCUSSIONS

pl anes

of 15

dFlow travelling fromtheleading edge of GV towards

the trailing edge experiences significant pressure
difference. Simildy, along the trailing edge of the

GV, wakes are buildip. The pressure difference
along GV span, wakes travelling beneath trailing
edge and leakage flow from clearance gap affects the
performance of runner. Flow behaviavhen fluid
enters & profile is shown in the Fig. Cylindrical
degreesbd

The rumerical solution obtained for the case was GV profile. Thus, there were 4 different plarfiesm
validated withexperimental results from one GV

_ per ) leading edge to trailing edge. Thietof normalized
cascade rig consisting of a prototype GV of Jhimruk total pressie contour (CTP) was observéa the

Cc

HPP. CFD of the turbine was done with runner case of NACA 0012, NACA 2412 and NACA 4412

rotating caseln Fig. 8 the comparison dhevortex
from the clearance gap of G¥fom experiment and
CFD is given. Thevortex flow is similar to that of
CFD. In the figure the flow vortex originating from
the clearance gap of GV travels from GV inlet to
outlet and leawe GV trailing edge Similar flow

hydrofoils. The normalized pressuretie ratio of
total pressuréo the aveage total pressure titeinlet
(Chitrakar, Thapa, Dahlhaug, & Neopane, 2017
This gives loss of mssure energy of fluid while
travelling from leading edge to trailing edge, such
that value belowl corresponds to losses. Inside the
behavior is observed in CFD results of the currentGv profile, NACA 0012 hashe higher effect of

case. Due tdhe small distance between GV and |eakage flowtowards trailing edgéhan others.
runner, the vortexends totravel fromthe trailing

edge and hit inlet of the runner. i$hgives good

Leakage flow builds up gradually frothe inlet of

agreement between thirrent numerical case and GV to outlet. The magnitude of leakage flow is

experiment. Thus, the validated numerical model increased while flow travels froithe asymmetrical
was further used with dérent operating conditions
and different sizes aheclearance gap for analysis.

1412

profile. As seen in Fi@, inside GV domainthe
NACAO0012 GV profile hasa region nearthe
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4mm

' 0.62

NACA0012 NACA2412 NACA4412

Fig. 9. Development of leakage flow inside GV.

clearance gap where vortex magnitude graduallyFlow leaving the GV domain entethe rotating
increases with increasing thickness.the case of  doman of runner. Thus, there occsignificant flow
asymmetrical 2412 and 4412 GV profiles, the disturbances mainly due to the secondary flow from
vortices tend to dissipate. This is duettebuild-up GV. Figure 1l shows CTP inside the rotating frame
of cross leakage netireleading edge of GV in case of referenceafter runner revolution. It shows the
of the asymmetrical profilewhich during its travel  effect of vortex travelling fronGV towaids runner
tend to dissipate. domain. Sincethe intensity of vortex travelling
inside runner had higher differences with three
. > different GV profiles, these are plotted against their
bu_lld-up of Ieakgge flow in NACA .4412 can be own repective local magnitude of CTP. Thenest
bwlq-up of vortices befo_rerunner inlet. Th_ese value of CTP, corresponding to highest I@ssecurs
vortices seem to hit the adjacent GV surface |nsteaqn NACA 0012 hydrofoil with 2mm thickness. the
OT the runner inlet. However, due tthe 'afgef case of NACA 2412 hydrofoil, though withelesser
distance betvyeen. adjacent GVthe vortices magnitude of CTP at 0.88distinct region for vortex
supposed to hit adjacent GV are deflected away byoccurring can be observed with 2mm and 4mm
free-flowing fluid entering GV. . : :
clearance gap. Same adfie stationary domairthe
Though the effect of leakage flow in GV seems Vortex has dissociated in case of NACA 4412
higher in case of asymmetrical GV profile than hydrofoil. This is dueo the vortex travelling to the
symmetrical one, flow beneath GV trailing edge adjacent GV surface instead of the runner inl¢én
shows the opposite trendwhile moving towards case of NACA 4412. Thus, this increase in vortex
runner inlet. Figure 10 showthe development of  filament in case of NACA 0012 GV profile induse
fluid flow from GV trailing edge towards runner inlet the pressure pulsations and vibrations in the turbine,
in staionary GV domain The main flow flowing more adversely abrasive and erosive wear of runner.
from GV surface experiences disturbances from
secondary flow due to cross leakage amattes from
trailing edge. The learance gap indes negative A total of 5 points wadocated insidehe rotating
effects m flow behavior. Three different GV profiles  runner with 50% of geometric progression along the
are compared witlthe same range of CTP. lihe  |engthof thespan as shown in Fig2. These points
case of any GV profile it is seen ththe maximum  were able to experien@change in the monitored
loss in pressure energy occurs in neaaxdnce gap  value of total pressure due to angakage flow or
region. However, least in case of asymmetrical RSI. Thus, the points were monitored at each degree
NACA 4412 GV profile, since leakage travels to the runner rotation after converged solution.

adjacent GV due to higher pressure differendbet .
leading edge instead of moving forward towards 1he numerical model of NACA 2412 and NACA

runner inlet. The minimum CTP observed near 4412 hydrofoil has an angular shift of 15 degrees
clearance gap represswortex filament leaving Gv.  With reference NACA 0012 hydrofoil. So, the peak
The strength of vortex increases while it travels from Pressure can. be observed in every 15 degrees
GV trailing edge and decreases in case of NACA alternatively _W|_th _the reference case. This .makes it
0012 GV profile for 2 mm clearance gap. Similarly, capable to distiguish the peak pressure during each
same trend of vortex travel is observed in caseavhil degree runner rotation for both the cases as shown in
travellingin 4mm clearance gap. Insm@ of NACA Fig. 13. The pressure pulfation was obtained by
2412 GV profile, lowintensity vortex grows up subtracting mean pressureP() with instantaneous
while it travels from GV trailing edge for all pressure (P) and normalized with referepoessure
clearance gap However, the vortex seem® (Trivedi, Cervantes, and Gandhi, 2016

dissociate gradually while it travels from NACA _

4412 GV profile wih all clearance gap. The flow ._ P-P

fie_ld d_epicts similar fi_nd_ings ithe past experiment B (,_E)BEP['] (13

with single GV test rig irthe case of NACA 0012

hydrofoil (Thapa, Dahlhaug, and Thapa, 2GL 1.

However the positive consequence oé faster a

4.2 PressurePulsation Inside Runner
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Ctp

(a) & . .

I
I AL
P

NACAO0012 NACA2412 NACA4412
Fig. 10.Development of leakage flow between GV and runner (inside stationagomain): (a) 2mm
Thickness, (b) 4 mm Thickness.
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Fig. 11.Normalized total pressure contours at runner inlet (inside rotating domaii.
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Fig. 12.Points between GV and RV inside theotating domain.
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Fig. 13.Pressure pulsation at different points inside runner: (ab) Point 5, (¢d) Point 3 and
(e-f) Point 1.
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