with nonradjustable blades and no guide vanésys reducing
B LAD E LOAD ANAL\CS*Sthe investment and operating costs [Haluza 2012]. Swirl turbine
] ient solution f i d mint hyd
SWIRL TURBINE RUNNJEn tocations with very low head. Typical insaliations are
on river weirs, cooling water channels of thermawsr plants

WlTH N O N U N | FO R M B E@ wastewater treatment channels. They are also a suitable

alternative in case of old hydropower plant refurbishment,

CAS CAD here outdated higkspecific speed Francis or Kaplan turbines

ve to be replaced by new machines.
JAKUB STARECEK, MILOSLAV HALUZA, PAVEL RUDOLF  The swirl turbinecontainsonly runner blades and stay vanes,

Brno, University of Technology, Faculty of Mechanicgduide vanes are missing. Swirl turbingworking without
Engineering, Viktor Kaplan Department of Fluidoreswirl of the water athe inlet (thecircumferential component
Engineering Of absolute velocity is equal to zeroe.c,1= 0 %),mas shown

DOI: 10.17973/MMSJ.2020_10_2020046 in Euler turbineequation[Haluza 2012]

133834@vutbr.cz “(BOB- o6 o6 1)
Blade loadanalysis bthe turbine blades is generally vecyucial ] ]
for hydraulic machine desigs especially in a case akial Hence the water at the outlet has negative residual
turbines, where theshroudis missing. The torque ithis case is circumferential component (g # 0 m)- @ describe in
transmitted only by the blade pivotsr fixed support to hub ~ quation(2).

Blade loading can be especially significant for-deffign & BOB- @
operating regimesModulation of the excitation frequencies and o)

pressure pulsations is enabled by application suf called
nonuniform blade cascadeswvhich leads to different force
magnitudes on each of the turbine bladeEherefore it is
necessary to analyse tHerce acting on eachladeby CFD and
FEM analysisto adjust thickness of the fixed support
or the diameters ofthe pivots. These analys are especially
important in case of 3D printed plastic runners like in the case
the presented swirl turbine runner.

It is opposite principle than energy transformation in
conventional hydraulic turbines (Kaplan or Francis turbine).
The model swirl turbine withauniform blade cascadeand six
runner bladesvas designedrunner diameter of D= 194 mm
hub diameter d=66 mm). The turbine runner isonnected to

aft with bearings and geainside the turbine bulb. Bulb is
supported byfour stay vanes. The straight pipe intake was used
asthe water supply Conical draft tube with rectangular outlet
cross section was placed behind the turbine runrilne basic
parameters ofthe particular swirl turbine presented in this
paperare designnet head H = 3 m, optimal mass flow rate and
hydraulic efficiency in BEP (Best Efficiency Point)
1 INTRODUCTION Qn = 0.166m3-s, Ny = 75.5 %espectively with maximabutput
Most of the unexploited hydroenergy potential in Europe isPOWer Pout = 3.7 kW. Fourunners with uniform blade cascade

concentrated in low head locations of small hydropower plants{further denotedUR)with different pitch angle ( + 33°%:6 ° ;

According to definition small hydro is below 10 MW power? °Were desigred as additional cases the plus sign means

output, sometimes further specification is @gted and mini the runner withhigher opening (higher mass flow rates) and

(below 1 MW) and micro (below 100 kW) hydropower sourced® Minus means theunners withlower opening (lower mass

are classified [Tung 1995, @@’ﬁ%es)?%SPOZ"T In F'q\ﬂg@ﬁ)ﬁ'sr?fgbla_%lmtauorll '3 @\lll head
varies considerably, but usually is assigned to heads below #@mruniformly placed blades on the runner intersects the axis

meters, whereas very low heads are below 3 meters. There a the .runner rotation. The axis of blade rotation is situatgd

numerous locations across Europe with sluices or weirs witRne thirdof the bladechordat hub surface

heads between 1 and 3 meters [ESHA 20A%o,throughout
the world the potential of low and very low heads remains
largely unexploited.

KEYWORDS
swirl turbine, nonuniform bladecascade CFD, FEM

AXIS OF RUNNER ROTATION

low head turbines-tidal power plants [Waters 2016]. Although
their installations are rather scarce, it is likely that growth,
stimulated by green policy subsidies, can be expected in nea
future.

It should also be mentioned that there is yet anotheaq# for O

AXIS OF BLADE ROTATION

While Kaplan turbines have been traditionally usddr
combination of low head and relatively large discharge, their
investment costs are rather high due to complex design with
adjustable runner blades and guide vanes. Building hydropowef, e 1. \isualisation othe pitch angle definition

plants on low head locations is very sensitive to costs and fast

return of investments cannot be achieved with conventional|_|ydr‘—31u|iC efficiencycharacteristic curvesand blade loading
solutions [Narrain 2017]. were investigatedand compared forll tested casesRunners
Swirl turbine, which was developed in 1999 and p#&enin  with nonuniform blade cascad€dNUR) were designed by
2003 by professor Frangk Pochyt and his team at V. Kaplan combination of blades with different values of pitch angleery
Dept. of Fluid Engineering [Patent 2003], with already ®lade set hasdifferent position as shown irFig 2 (b). Sk
prototype locations in the Czech Republic presents favourabi®llowing combinations of pitch angle®°®°  at+f°dabelled as
compromise. It features bulb turbine layout with simple runner(NURO® 43° )0% a3t d ( BPUBR )0 a6id ( BPWBR) ;
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0° a9 d ( 0f WBRWere developedAdditionally, next three refinements. The computational model of the whole turbine
runners with three different values of pitch angleredesigned consisted of 2.8 mihodes(4.4 milcellg for uniform case with
+3 ; aml3° | abel 148080 2§ 0°(-NURe&BHhdO° pitch angl e.

(NUROQ® -8 %6 ) therladt-3°,-6 ° @®n d( MBUR>S ) .
The blade layout is shown Fig2. (c).

1 990 499 489 850
982 416 963 200
165 008 177 664
228 080 243 352
216 725 232 976
261 624 244 757
246 056 263 024

Table 1. Theoverview of mesh parameters for blade channelgth

All nonuniform runnerswere numerically simulated using CFD different pitch angles
tools and theircharacteristic curvesrere evaluated just like in
case ofuniform runners Each blade, which is located in
nonuniform runner is loaded differentlyThese different loads
are caused by velocity shocks on leading edmyes different
pressure fields on eacbf the blades. This phenomenon may
causesignificantchanges inoading forces for example their
growth rate or torque transfer.

(a)
Figure 2. The swirl turbine runners with different layout of blades
combination[Starecek 2019]

All simulated cases were computed as full transient analysis,
where timestep was equato 2.5° of rotatiom eer.

for examplefor n = 1100 mirt timestep At = 0.0003788 svas
used(all rotating parts are marked as blue colénrig.4) Four
internal iteratiors were providd in each timestep. The Shear
Stress Transport (SST) turbulence model was used for all
simulations. All parts were set as stationary with the exception
of the runner. The General grid interface (GGI) was applied
2  NUMERICAL SIMULATION between blale channels in the runner (marked gllow colour
Each design as computed by the numericalflow simulation N Fig. 4 The transientotor-stator interface (marked byurple
software ANSYS CRX assess thenydraulic parametersand ~ colourin Fig. 3 was applied between rotating runner domain
force magnitudesThe static pressureefds on each blade and @nd other  stationary ~domains. The total pressure
rotor partswere obtainedrom the last timestep Staticpressure (Pt = 30000 Pa) was applied at the inlet (marked gneen
datawere imported to ANSYBlechanical fofFEM analysis and colourin Fig. 4, to simulate thenethead of water (H:3 m). The

the static structual analysiswas carried out The equivalent Static pressure (°= 0 Pa) was applied at the outlet (marked
stress and deformatiodataplayed a key role for blade thiskss ~ PY red colouiin Fig. 3. The reference pressure4P 1 atm) was
and blade radiugimensioningn root section of the bladevhere ~ Set for whole simulation. The nrelip boundary conditiorwith

it isfixedto the hub. smooth wall definitiorwas applied orall wall faces so the blade
roughness wasot includeinto CFD simulationgmarked as
2.1 CFD simulation shadow colouin Fig. 4.

Initial turbine runner vasdesigred in ANSY'S Bla@en, runners
with different pitch angles werecreated using SolidWorks
All blades have theame design propertienamelythe blade
length, linear beta angle distribution, NACA profile fourth series
shape 0.3mmtip gap and blade thicknessek2 mm, 9 mnand

6 mmon hub, centre streamline antip respectively

Inlet domain

Outlet domain

Figure 3. Visualization ofthe model swirl turbine with stay vanes and

conical draft tube . L — . .
Figure 4. Visualization of boundargonditionsand maincomputational

The ANSYS Tunlpid and ICEM CFD were used for generatior%jomalns
of the computationd mesh for each part. The blade to blade . .
) . . . . The transient angbkes of all ten presented runnerseve carried

channet in the runner were meshedvith fixed periodic . . - . ~ .

. . . out for various RPM, i. en; = 800 mirt, n, = 900 mirt,
boundaries This approach allowed to combine each blade to_ " _ . - . = .

. - ) ns = 1000 mint, n, = 1100 mirt, ns = 1200 mir,
runner without having to generate a new computational mesh.

All parts had hexahedral computational sieonly inlet domain 26 ;eiiioo[n:::t] vTaZ 3:22 ein:)I:k?:sdisr; ;:tsr?gomlroif. ; h;;ur::i
contairs tetrahedral cells. The volumetric losses blade tips P 1 y y

. . similarity to enable comparison between the respective cases
were taken into account and mesh includes the boundary layer y P P
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CFD setup anaippliedboundary conditios wereused according representng all uniform runners are shown ifig.6 and all

to previous experiencetaur department[Pochyly 2019] nonuniform runners characteristics adepictedin Fig. 7 and8.
: ¢ 0 -
yr— 77
o e | fdzkx
2.2 FEM i =7 A BN
) analysis T ’ / fomrr—
The turbine model contains steel shaft with hexagbshapel 73 f/ 7 \\ >
nut (marked as green colouin Fig 5), which ensures 72 7 /‘ A
transmission ofrunner rotation on the shaft Al parts of the 71 3 Y N
runner are made of plastic materiavasher runner and hub 70 i
cover(marked as redh Fig 5). All plastic parts are connected by 69 /’ \\
steel recessed boltsAxial displacement is preventedy steel 68 // *
bolt which goes through the steel hyimarked as greein Fig 67 [/
5). The visualization of the construction mogdglrepared for 66 ﬁ'
FEM analysiss in Fig 5 (the turbinecasingand bulb are marked ::
by shadow colouin Flg' 5 80 90 100 110 120 130 140 150 160 170
—w— UR+3° —— URD" —— UR-3° n,, [min?]
—%— UR-6" —#%— UR-9"

Figure 6. Hydraulic efficieng characteristic curvesersusunit speedfor
uniform runners [Starecek 2014

E]’B i AN J__.. |
S5 ‘%%‘ =S ‘&t
74 / - N I
’ ~ T
73 S She | ™I
7 /AN M Y
"‘} [ Ir NS
71 *"}, i P 3%
70 1 i ‘;' *
Figure 5. The modelof swirl turbine for FEM analysemd following 60 / ; A
- \
3D-printing 68 !f ; %
) ) ) ) 67 g
Red plastic parts are printed by HP Jet Fusionpidiing 66 ! :
technology from PA 12 (material properties arelab 2.).Parts 65 L
which are not loaded by main forces were made by FDA 80 9 100 110 120 130 140 150 160 170
3D-printing technology from PET@naterial The isotropic —— URO° = =% = NURO/43" o fmint)
— =% — NUR0°/-3° — = — NUR 0°/-6°

material was a prerequisite for FEM analy®&th materials
(construct steel and PA 12) can be considered as lyekastic
The simulation of blade bending was realized by applying zeffdgure 7. Hydraulicefficiency characteristic curversusunit speedfor
displacementsn all coordinate directionsn the shaftsurface nonuniform runners with twasets of blade¢Starecek 2019

which is attached to the hexagonal nut. Whole computational

- —% — MNUR0°/-9°

mesh for FEM analysis consisted=of.8 mil. linear elements, = 6 *__“i.___ L
which represens =700k nodes. = e PR YR

74 £ ‘“‘.__'F“.\“.\
_-_ . /'K J : \‘

o ¥

72 {’ ‘," 5 3&

sg [ L}
Possonf@iOH | 03 03 e/, *
Table 2. Material properties for FEM analysis 67 N

66
3 COMPUTED HYDRAULIC PARAMETERS 05

20 90 100 110 120 130 140 150 160 170

How rates torques and pressurdifferencesbetween inlet and —— URO" ---¥--- NUR +3°/ 0°/3° n,, [min]
outlet boundaries werebtainedfrom CFD simulationsy mass ———X--- NUR 0°/-3%/-6° ——-X--- NUR -3°/-6°/-0°

flow rate averaginglEC 60 193 standaftEC 60 193wvas used
for definition of basic hydraulic parametetdydraulic efficiency
iscalculatedrom equation (4 asratio between hydraulioutput
power Py, [W] and the hydraulic inpupower P [W].

v

Figure 8. Hydraulicefficiency characteristic curve®rsusunit speedfor
nonuniform runners with thresets ofblades

Turbine runners for low net head are less affected by
@) nonuniform blade cascadékan the higher head oneBy using
three blade sets in one runner thefluence of nonuniformity
grows The operating range starto expand andhe hydraulic
efficiencyincrease. Howevernonuniform runnersare source of
relatively higheblade loading

C

The hydraulic efficiencies for eacloperating point were
comparedusingunit speed Operating range of each desigvas
also investigated Hydraulic efficiency characteristic curves
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4 BLADE LOADING AND STRUCTURAL ANALYSIS 4.2 Forces on runners with two sets of blades

Blade loadingwere evaluatedfrom the CFD simulationyforce ~ The force magnitudes are rapidly feét even for very small
averaging ofthe five runner revolutios. Force fluctuations,  differencesin pitch angle, for exampl@® and +3° (NURO® +3°)
which arecaused bythe interaction ofthe stay vanesind the inFig.10or0 °  -8°fNUR0° -8°) in Fig.11.

runner bladesare observed This phenomenoris calked rotor-  _1s0 L = g vy o e o

stator interaction (RSI) arttie forcefluctuations areincreasing E'uao ] N il e el
with decreasing distance between rotor and stator parts. Thii 140 = ——— ]

interaction causes the excitation frequencieand force 120 == — R
fluctuationsin the turbine. Theseexcitation frequencies can be 100 e —

modulated by applying differentposition of the leading or 20 .l S -~
trailing edges [Starecek 2018]. The force fluctuatios were 60

observed during computation, butere not reallysignificant, 80 El';dea‘;"on 110 120 130 ;l‘a“;e U{:fg, 10 [n:ﬁ] ‘_’L]
due tothe large distance between stay vanes and runblades _ —% — blade NUR 0° o - bladeNUR 3

(the force fluctuation wagess than 246 of absolute value in each
monitored point for uniform runners and less than 198 of
absolute value in each monitored point for nonuniforamners).
The force monitors were set on each blasparatelyto observe = 180

Figure 10. Comparison of blade loadirfgr bladeswith 3 pitch angle
difference(NURO® 43° )

. . . e s e K - - = -
differences in blade loadindlean forcevalues werecalculated T 160 ! [x = s somfm et
from obtained data. Blade load figures contain foroealues 140 ——
. . » - """‘—'—-—m--.._._
for different unit speed. 120 Al NS
S L
100 e e i
. . * = A »
4.1 Forces on runners with urefm blades 80
. . . . . . 60
Force actlng oall unlformturblnfa runpersrlseswnh Fiecregsnng 8 90 100 110 120 130 140 150 160 170
speed(or unit speednys), which is typical fohydraulicturbines. ——#—— blade UR 0° —— blade UR-3" ., [min<]
Itis possible to find somexceptiongelated tooff-desigrregime = =% - blade NUR 0° - —% — bladeNUR-3® "™

Figure 11. Comparison of blade loading fbfades with3 pitch angle

caused byelocity field changgor separating flow in draftube, difference(NUR0®/ -3 ¥

but generallyit has increasingendency The highest valuesre
related tonon-rotating runner(maximal torque on the shaftpn ) ] )
the oppositethe lowest valuesre relatedto no-loadoperation ~ Generallythe leading edge ofhe blade with lower pitch angle
(maximal unit speed, i.¢orqueis equal to zero) The behaviour (i-€-lower floyvrate) |ssllghtly ghn‘ted in terms qf axllal direction
of force loading in operating range corresponds to the compared withthe blade with _hlghgr pitch angle(e.hlgherﬂ_ow
theoretical assumptionas shown in Fig. Dropsin case UR9 ° ra_lte). Th_e water athe runnerlnlgt is a_ffected bylade set\Nlth_
and UR6 for n1 =100 mint are caused bynoderate changef ~ higher pltch anglend adapts toit. Sh!fted blades (blades Wlth
angle ofattackandpressure distribution on suction and pressure [0Wer pitch angle) operate witlvelocity shoclon the leading
side ofthe blade These drops arshifted to lower unit speeih ~ ©d9e Hence the dfference in pressure distribution on
caseof-3° and 0° pitch angle. the pressure and suction sidef the blade increass. This
pressure differenceaused by velocity shoakn blade leading

edges, can bevisualized by static pressuré\bsolute static
160

= pressure fieldfor nonuniformr unner wi t h 3°
—_ b . .\ . .
w 155 < di f f er en &éeiglustalerin Big. 2.
150 >§\
145 A
140 < WL
“---.-t-/‘/-““""'--..._.‘:..,‘._‘-\-\‘L
135 e
130 Q.‘%
125 NS
| ~at
120 s \
~
115
10 g —m
80 90 100 110 120 130 140 150 160 170 0 050507030905 0.50.20.,0.7:,23. %75 Apsolute Pressure [Pel
] B20,20,20,20.20.20.%,%0,26.6:20.5.0.%,
—»— blade UR +3"° —#— blade UR 0" nyy [mint] o000
——blade UR-3" —*—blade UR-6° Figure 12. Pressure distribution in blade channel (90% of channel height)
—>—blade UR -9 ni1 = 123 mint (NUR 0 -8°)

Figure 9. Comparison of blade loading for all uniform cases

[Starecek 201 While the pressure differenceis increasing the force

magnitudes are also increasng. The blade load difference
The force curves increase witbifferent slopg but force s proportionalto growing pitch angle differencdt is caused
magnitudes close to thebest efficiency pointare very similar  py gradual increase of shock on the blade leading edges with
(M1 = 123 min® - 134 min?). This phenomenon is changed by |ower pitch angle An accompanying phenomenon is a change
using nonuniform runnerwhere each blade is loaded by in the shape of théblade loadcharacteristicPart of the blade
different pressureresulting indifferent force magnitudes loadcharacteristidNUR 0 -6° With the unit speedmuch higher
than thebest efficiency poin{ni1 > 146 min?) is constant (force
equal to about F = 200 N). On thkeft side of the curve
(n11 < 123 minY), the forcemagnitudesstart decreasingwith
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decreasing unit speedThis behaviour is totally opposite = 260 |

compared to the uniform blade cascadesThe shock on w240 oo TR
the leading edge omlade in alignmengrows, and the blade 220 == B

starts acing as ablockagein the blade channe{represened by 200 B =

brown dashed curvan Fig. 13). This blockage slows down 180 i

160
140

the water flow inside the main blade channel andhe static
pressureincrease. Pressure distribution on theblades with

lower pitch angleis affected by static pressurehange and 120

the pressure on suction sidéses. Forces on thebladeswith 100 ==&
lower pitch angle(higher mass flow ratesjre decreasingwith
lower pressure differencebetween pressure and suction side
as shownin Fig.13 (the bladeswith lower pitch angleare marked
by blue colour).

1

o8 8838
¥

80 90 100 110 120 130 140 150 160 170
_ 220 —%—— blade UR0®  —=—— blade UR-9°
Z 500 J__ — —# — blade NUR0® — —® — blade NUR -9°
= N . =
Figure 15. Comparison of blade loading fbtades with9 pitch angle
160 difference(NURO® -9° )

ny; [min-]

%

T

o323 358E
3

80 90 100 110 120 130 140 150 160 170
———— blade UR0" —— blade UR-6°
~ =% — blade NUR 0° - —% - badeNUR° M [Min7l 0_,0906,0‘ o Eobo' s Absolute Pressure [Pal]
Figure 13. Comparison of blade loading fbotades with6 hitch angle 000000oooo000000000000000000000000oo 2
difference(NURO® -6° )

s
)
Q
Q
g
ov
Q

=}

Figure 16. Pressure distribution i
N1 =123 mint (NUR 0 -8°)

lade channel (90% of channel height)

The last case which a8 tested had significant pitch angle
differencebetween blads0®  a d ( OF LBR JThis blade set 4.3 Forces on runners with three sets of blades
does not fulfil its function exceptthe best efficiency point.
Massiveflow separationbehind the blades with bwer pitch
angle was the main problem for runners with relatively big
differences in pitch angte as shown in Fig41l

Three nonuniform runners with three sets of blades were
computed By using three sets of bladdble forceshiftingwas
partially reduced. Blade loadingon two blade sets (with
the highest pitch angle) increased over theeferencecase with
uniform blades in one runneOn the otherhand,blade loading
on blade sets with smallest pitch angle significamttgpped
Asin previous casewith significantdifferencesin pitch angle
the blades with higher pitch angle affect velocity field
close tothe runner inlet. Bladesn alignmentstart to act as
a blockagein blade channel The pressure distribution on
the blades with higher pitch anglavaschangedand the forces
rapidlydecreased

00 T >0 5w _.200
Figure 14. Velocity streamlines in blade channel (90% of channel heigh 5130 I v R
11 = 90 mint (NUR 0 -0°) 160 s P S = b=t
140 ==

Force magnitudes wererather apart and blade load 120 TR
characteristic for blade with lower pitch angle decreasing 100 %
in whole operating rangewith decreasing unit speed 80 RN N
The velocity field adapts to a set of bésdwith higher pitch arlg 60 o SLd
resulting in shockless entry of the flow on these blades % Fx
The blade$orm ablockageandtotally losetheir proper function 20

0

due tosignificantshock orthe leading edgéas shown inif. 16).

. L 80 a0 100 110 120 130 140 150 160 170
and forming of the separation around the blade

As in the previous caseghe pressure in the blade channel % blade UR+3" ————bladeURO®  n,, [min]
increased andblades with dwer pitch angle are affected *— blade UR -3 = 7% - bladeNUR 43
- —% — blade NUR 0° ~ —% — blade NUR -3°

For example, for higher unggpeed(m > 150 mirt), the force
magnitudes on lead blade aose to zero (the torqués not
transmitted).

Figure 17. Comparison of blade loading fofades with3 °© a pitdh 6 °
angledifference(NUR+ 3 ©° -8° )
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..Z‘.'180 N * . defined by unit speed (@ = 100 mir; iy = 123 mirt;
160 = o = P ni1= 156 min) Maximal deflection and equivalent stress were
140 == — i il L 1 evaluated It wasnecessaryo make astructural analysigor the
120 - case with 0 a6th°d ( N-B’Rbedcause the force action on
100 - _ the-6° bl ade was \ohighgrthdnforgdierefce v e r
80 B e O _ uniform case).The uniform cases were also tested by FEM
60 [ A=~4 L I analysisltisimportant to keepin mind that blades with different
TR pitch angle have differentstrength It is caused by different
2 blade position in the hub
0

20 90 100 110 120 130 140 150 160 170
——%—— blade UR 0" —%— blade UR-3" n,, [min?]
—#—— blade UR-6" = =% = blade NUR 0°
— =% — blade NUR -3° — —» — blade NUR 6° 0.98 mm 0.97 mm 0.96 mm
Figure 18. Comparison of blade loading fofades with3 °©  a pitdh 6 9.5-106 Pa 9.1-106 Pa 8.3-106 Pa
angledifference(NUR &/-3 6/ ° )
Forcemagnitudesreachtheir highest values in cases with three

0.94 mm 0.94 mm 0.91 mm
9.710°Pa  9.7-10°Pa 9.5:10° Pa
sets of bladesndcan be considered as cgiant, with changing
unit speed The highest force magnitudes are expected

0.71 mm 0.68 mm 0.51 mm

for the best efficiency point. ez it Lozl D
1.39-10"Pa  1.4-10” Pa 1.42-107 Pa
200 Table 4. Maximal deformation andnaximalstress forchosentested
=z casesnu= 100min?, ni1= 123 mirt, n11= 156 min't
w 180 FEECE RSk . Bl e il *®
160 o = :: R T ™ The maximal deflection of the bladeshich is located at the
140 = outer radius of the blades is lefisan 1 mm for uniform cases
120 — and 1.24- 1.35 mm for blades with6 ° of pitch
100 1] nonuniform case (NUR® -6° ) 20Fi gThe bl ades
80 i o BN - angle are least affected (Fig.)21
60 ha ~
0 * NUR - 0° /-6°- Blade-6°
20 maximal deformation 1.28 mm
0

original @ deformed

30 9 100 110 120 130 140 150 160 170
—%—— hlade UR-3" —%—— blade UR-6" ny, [min-]

—— blade UR-9" — —»% — blade NUR -3°

— =% — blade NUR 6° — =% - blade NUR -9°
Figure 19. Comparison of blade loading fofades with3 ° a pitdh 6
angledifference(NUR-3°/-6 %9/ ° )

139.4 1389 137.8 136.2 134.8

100% 100% 100% 100% 100%

105.1 1734

75% 124%
112 165.2 Figure 20. Visualization of maximal blade deformati@mompared with

81%  120% original undeformed bladecase with noruniform runner(NURO® -6° ,
n1:=123 mint)

83.8 193.9

62% 142% NUR - 0° /-6°- Blade 0°

46.6 224.4 maximal deformation 0.68 mm

35% 166%

original @ deformed

75 162 180
54% 117% 131%
80.8 180.1 154.6
58% 131% 114%
78 156.7 175.3
57% 115% 129%

Table 3. Comparison of forcefiN] acting on all tested cases fori= 123
min'?

4.4 Structural analysis

The runners with -®®° piitcthe amgn € (O U imal blade deformati ) "

and nonuniform runner witl0° a6 mitch angle(NURQ® -g° ) Feure 1. Vualization of maximal blade deformation comparetn
. . original undeformed bladecase with nonuniform runne(NURQ® -6° ,

were chosen fortesting in hydraulic laboratoryThe structural n1=123 mird)

analyss were carried out for tbse three cases. Each runner
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The maximal value of equivalent stregas found to bearound -
A y& p 1 0 AThese maximal values of equivalent
stress ardocated at fixed support, whictonnects the blade and
hub, i.e. at blade rootSince the yield strength of material RA

is A p ni@- 0 Athe corresponding safety factor is higher
than ten for uniform casesral seven for nonuniform case. In
terms of strength the blades are durable, huis necessaryto
acceptsmall deflection and bendingsecond P analyss of
deformed blade shape may be ci@at out for precise estimation
of hydraulic parametersHowever from previous experience
their changds known to benegligible.

Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit; Pa
Time: 1
01,03.2020 20:34

—_
1.de7 Max I
1,27

1167 p
9.2:6 1.3560=+007 4 [5.1348¢ + 006 »

7.6e6 y

y
4.6e6 3.2885e + 0063 1.2400¢ +007_J

0.0041 Min

Figure 22. Visualization ofmaximalstress at fixed support in case with -
nonuniformrunner (NURO® -6° ,1:=123 min')

The small pitch angle difference may stabilize
the hydraulic parameters (hydraulic efficiency,
pressure pulsation odraft tube back flows) The

change in velocity shock on leading edges by using

nonuniform blade cascades (even with a small pitch
angle differencéNUR0*/-3° Jaljvaysoccuss.

In caseof higher pitch angle differences one set
of bladescan performpoorly and behaveasblockage

in blade channel.Flow separationwas observed

for some regimeswhen using nonuniform runners
with relatively large pitch angle differences
(NURQ® -0° )

Nonuni form runners with
in blade pitch angle causdange in the shape of blade
load characteristicandforceloadingsare constant for
different unit speed. Blade loadings have
the opposite slope of growth within the operating
range in some cases (RO° -8° rhis phenomenon is
quite different from conventionahydraulic turbine
runners.

The blade loading changeh(ft of the force} was
observed for all nofuniform cases. Blade loading
change is proportional to the pitch angttfference.
Nonuniform cascadesmust be evaluated and well
adjustedfor using inhydraulicturbines.

mo r €

The turbine runners manufactured by 3D printing technology
may have lower bending stiffness therefore it is important

to analyse blade loadindgor critical operating regimes.
Undesired large deformations may cause change in hydraulic
parametersor model destruction in the wotsase . Thereforeit

is important toperform structural analysiprior manufacturing
and consider the maximurlade deformation.
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