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Prispevek k analizi sil na vodilni lopatici modelske reverzibilne
¢rpalke - turbine v ¢rpalnem obratovalnem reZimu

Contribution to the Analysis of Forces on the Guide-Vane
of the Pump-Turbine Model in Pumping Regime

ANDREJ PREDIN

V prispevku so ebravnavane tokovne razmere v vodilniku modelske reverzibilne érpalke -
turbine, analiza sil in momentov ter merilni sistem za merjenje sil in momentov na osi vodilne lopatice.
Podan je predlog matematicnega modela nihanja vriilnega momenta na osi vodilne lopatice in
primerjava merilnih rezultatov z izraduni.

Kljucne besede: turbine - Erpalke reverzibilne, vodilniki turbin, razmere tokovne, sistemi merilni

In this contribuiion the flow conditions ai the guide apparatus of the reversible pump-turbine
model, the analysis of forces and torque at guide-vane shafi, and measurement system for force and
torque measurement at guide-vane are treated. A new mathematical model is given for guide-vane
shaft torque modeling, comparison of the measurement results with theoretical calculations, and com-

ments on the transfer form model to original properties.
Keywords: reversible pump turbines, guide apparatus, flow conditions, measuremenis systems

0 UvoD

Pri sodobnem optimiranju vodilnih sistemov,
predvsem vodilnih lopatic, je potrebno natanéno
poznavanje obremenitev na osi vodilne lopatice.
Premer osi omejuje optimalno oblikovanje oziroma
izbiro ustreznega profila vodilne lopatice. Zaradi velike
koncentracije obremenitev na mestu prehoda osi v
lopatico mora biti 0s na tem mestu nekoliko tanjsa od
profila. Znano je, da so tanjii profili hidravliéno
ugodnejsi od debelejsih. Z raziskovanjem na modelih
Je mogoce dolo¢iti obremenitve, ki jih lahko ob
upodtevanju pravil podobnega obratovanja uporabimo
na izvedbah.

1 OBLIKA DELUJOCE
HIDRODINAMICNE SILE

Iz dosedanjih raziskav [1] in dostopne litera-
ture je znano, da je fluidni tok [2] na izstopu iz
radialnega rotorja ¢rpalk - turbin izrazito utripne in
deloma tudi nakljuéne narave. Utrip toka je izrazit
predvsem v Crpalnem obratovalnem reZimu, kjer je
tok pojemajoé in se z vecanjem premera proti izstopu
iz vodilnika umirja. Utripni tok nastane zaradi
relativnega vrtinca v rotorskih kanalib s konénim
Stevilom lopatic konéne debeline [3]. Posledica
delovanja tak3nega toka [4] na vodilne lopatice je
utripajoca hidro-dinamicna sila in njen vrtilni moment
na osi [5]. Ta obremenjuje os vodilne lopatice z utripno,
deloma tudi z izmeniéno obremenitvijo pri pretokih,
manjiih od optimalnega, vendar takina ocena de ni
popolna. Obremenitve vodilne lopatice in njene osi je
treba obravnavati kompleksneje, kot dinamiéni sistem,
pri katerem so upodtevana lastna, vsiljena in
superponirana nihanja celotnega osnovnega vodilnega
sklopa.

0 INTRODUCTION

For present-day optimisation of the guide sys-
tems, especially guide vanes, knowledge of the ex-
act strength loads on the ﬁuide-vane shaft is neces-
sary. The guide-vane shaft diameter limits the opti-
mal modelling or selection of the suitable guide-vane
foil. Because of the great load’s concentration on
the place where the guide-vane shaft enters the

uide-vane foil, the shaft diameter must be thinner
than the guide-vane foil at this place. It is known that
the thinner guide-vane foils are hydraulically more
suitable than the equal thicker guide-vane foils. By
means of model research, and by considering the simi-
larity laws, the acting loads on the prototype may be
determined.

| PROPERTIES OF ACTING
HYDRO-DYNAMIC FORCE

Research [1] and the available literature has
recently shown that the fluid flow [2] on the impeller
exit has pulsation and partly stochastic properties.
The fluid flow pulsation is explicated in the pump
mode, where the flow has a declined character. The
pulsation declines with the increasing diameter in the
direction of the guide apparatus exit. The pulsation
fluid flow at the impeller exit is a consequence of the
rotated impeller a finite number of blades [3] and the
relative whirl in the individual impeller’s channels. A
consequence of the acting [4] with that property is
the hydrodynamic force on the guide-vane and the
torsion torgue on its shaft with similar properties,
which load the guide-vane shaft with the pulsation
Aﬂﬂé:|d|:sart|:.-r alternating load form, especially in small
model work capacity [3]. That evaluation is not com-
plete. The guide-vane and its shaft loads are of ne-
cessity treated as a complex dynamic system b
considering the eigen, forced and superposed oscil-
lations of the whole guide system - the guide-vane
with its shaft.
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2 MERILNA PROGA IN TESTNI MODEL

Eksperimentalne raziskave so bile izvedene v
Laboratoriju za turbinske stroje Fakultete za
strojnistvo v Mariboru na instaliranem merilnem
sistemu (sl. 1a), ki obsega poenostavljeni model (sl.
1b) izvedene reverzibilne érpalke turbine, prirejenem
za obratovanje v &rpalnem reZimu z zrakom kot

retoénim fluidom [6]. Model ima radialni rotor

onstantne 3irine 5,=0,05 m z enajstimi lopaticami,
vodilnik s Stiriindvajsetimi profiliranimi in z dvanajstimi
podpornimi vodilnimi lopaticami. Na izstopu je
name&&en spiralni vodilnik pravokotnega nega
prereza konstantne Sirine bw = 0,12 m. Vstopni
premer rotorja D = 0,36 m, izstopni pa D, = 0,6
m. Vstopni robovi vodilnih lopatic leZe na premeru
D, =0,624 m.

2 EXPERIMENTAL SYSTEM AND TESTED
MODEL

The experimental research was carried out in
the Laboratory for turbine machines at the Faculty
of Mechanical Engineering in Maribor where the in-
stalled measurement system [6] (Fig. 1.a), which oc-
cupies the simplified reversible pump-turbine model
(Fig. 1.b), is adapted for work with air as the fluid
meﬁium. The model has a radial impeller constant
width (b,=0.05), eleven impeller blades , twenty-four
foiled guide-vanes, twelve foiled support vanes , and
a sbpira volute with a rectangular form, constant width
( = (.12 m) on the model exit. The impeller
intdke diameter is D = 0.36 m and the exit dia-
meter is D, = 0,6 m. Blade vanes intake diameter is

D, =0.624 m.
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SI. 1. Eksperimentalni sistem [11] a) in poenostavijeni model reverzibilne ¢rpalke - turbine b)

Fig. 1.

Experimental system [11] a) and simplified reversible pump-turbine model b)
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3 MERILNI SISTEMI

V okviru raziskovalnega dela je bilo razvitih
vel merilnih sistemov [7]. Zadnji izvedeni je merilni
sistem, ki temelji na naelu tehtnice sil, imenovan
sistem C (sl. 2). Na dveh pomo#nih oziroma merilnih
oseh je na prednapetih merilnih Konzolah vpeta
merilna vodilna lopatica. Na merilnih konzolah so
name3teni merilni listi¢i (HBM 3/350 LY 13) povezani
v tripolni Wheatstonov mosté, s &imer je doseZena
temperaturna izravnava. Trije merilni kanali
zagotavljajo merjenje pomikov in komponent
hidrodinami¢ne sile v dveh smereh y, in y,, v smeri
pravokoto na skeletnico profila in v smeri skeletnice
profila, smer x. Predpostavljena je lincarna interakcija
merilnih konzol med osnovnimi smermi delovanja y,,
¥, in smeri x [8]. Ker je profil vodilne lopatice
nesimetri¢en.y smeri v, ima merilni sistem tri lastne
frekvence. Lastne frekvence sistema so dolodane
eksperimentalno z impulznim vzbujanjem merilnega
sistema in s spektralnim analizatorjem HP 323 60C.
Lastna frekvenca vodilnega sistema v smeri y, je 94
Hz, v smeri y, je 56 Hz in v smeri x 74 Hz (sl. 3). 1z
upadajoih an:nplitud nihajnih zapisov lahko sklenemo,
da ima merilni sistem C majhno du3enje, kar je ugodno
za spremljanje &asovno odvisnih obremenitev,
Umerjanje merilnega sistema je izvedeno vsakokrat
neposredno pred merjenjem z uteZzmi na merilnih oseh,
v vseh treh merilnih smereh.
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3 MEASUREMENT SYSTEM

An earlier measurement system was devel-
oped in previous research work [7]. The latest meas-
urement system, which is based on the force scale
principle, is being developed, The measurement sys-
tem is briefly named as system C (Fig. 2). The meas-
urement guide-vane is fixed on two support meas-
urement shafts, which are fixed on the measurement
cantilever beams. The measurement strain gauge
strips (HBM 3/350 LY 13) are placed on cantilever
beams and connected to the full Wheatstone bridge.
In this way the temperature compensation is
achieved. The three measurement channels assure
the hydrodynamic force component measurement in
two directions y, and y, in normal direction on the
guide-vane foil and in direction x in the tangential di-
rection on the guide-vane foil. The linear interaction
[8] of the measurement cantilever beams among
acting directions (y,, y, and x) is proposed. The meas-
urement system C has three eigen frequencies be-
cause of the non symmetrical guide-vane foil in the y
direction. The eigen frequencies are determined ex-
perimentally by the impulse force action on the meas-
urement guide-vane and by spectral analyser HP 323
60C. The eigen frequency of the measurement sys-
tem in direction y, is 94 Hz, in direction y, is 56 Hz,
and in direction x is 74 Hz (Fig. 3). From the ampll-
tudes of the oscillation record the low system damp-
ing may be determined. This is suitable for time-de-
pendent changeable value measurements. The meas-
urement system is calibrated each time before the
performed measurement with the weights placed on
the measurement shafts in all three measuring direc-
tions.

MERILNI LISTICI
STRAIN GAUGE STRIPS

=

POMOZNE OSI
SUPPORT SHAFTS

MERILNI LISTICI
STRAIN GAUGE STRIPS

SI. 2. Merilni sistem C in osnovne merilne smeri Y, ¥y, inx
Fig. 2. Measurement system C and basic measurement directions ¥ .y and x



4 REZULTATI MERITEV

Zapis srednjih komponent hidrodinamiéne sile
F_in F, oziroma koeficienta sile ¢, in ¢, kaZe na
zmanj3anje obeh proti optimalnemu pretoku /0 =
= 1,00 (sl. 3a). Absolutno je komponenta sile v
normalni smeri ve&ja od komponente v obodni smeri,
kar je tudi razumljivo, ker vodilna lopatica preusmerja
tok predvsem v vzdolini smeri. V podrodju pretokov
Qg _=0,15 do 0,60 je komponenta sile v vzdolZni
smeri razmeroma konstantna, kar kaZe na obstoj
"mrtvega" cirkulacijskega toka na izstopu iz rotorja.
Zapis srednjih vrtilnih momentov (sl. 4b) kaZe na
zvelanje vriilnega momenta v obmo&ju pretokov
O/0_=0,15do 0,80, celo vedjih kakor pri obratovanju
modela z optimalnim pretokom Q!Qw=l 00 in skoraj
linearno zvedevanje vrtilnega momenta v obmogju
pretokov Q/Q_=1,00 do 1,23.
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4 MEASUREMENT RESULTS

The records of force components F and F,,
and, force coefficients ¢, and ¢, have shown that
both forces declined in the defection of optimal work
capacity (Q/Q,, = 1.00) (Fig. 3a). The force com-
ponent in normal direction is absolute more than the
component in the tangential direction. This is under-
standable because the guide-vane guides the fluid flow
more in this direction than in tangential direction. In
the area of under optimal capacities ( &/Q_ = 0.15
to 0.60) the force component in normal direction is
relatively constant. This is shown by the existing
"dead" circulation flow around the impeller’s exit. The
mean torque record (Fig. 4b) has shown on the torque
an increase in the area of under optimal capacities
{QIQ#= 0.15 to 0.80) which are even bigger than
the torque by the optimal capacity ( /Q__ = 1.00)
and almost linear torque increasing in the area of
over optimal capacities ( O/Q_= 1.00 to 1.23).
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Sl 3. Laste frekvence merilnega sistema C v smereh y, a), y, b)in x ¢)
Fig. 3. The measurement system C eigen frequences: in directions y, a), y, b) and x c)
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Iz &asovno odvisnih zapisov vrtilnega momenta
(sl. 5 - zgornji prikaz) in frekvenéne analize (sl.5 -
spodnji prikaz) je razvidno, da se z zve€evanjem
pretoka zmanjSujejo amplitude celotnega utripanja in
amplitude lastnega nihanja (55 Hz), zveéujejo pa se
amplitude vsiljenega nihanja (330 Hz). 1z tega je
mogode sklepati, da se z veCanjem pretoka manjsajo
amplitude utripanja vrtilnega momenta [9], veca pa
se frekvenca utripanja celotnega momenta, zaradi
urejanja fluidnega toka kot posledica bolj polnitve
rotorskih in vodilnih kanalov.

5 PREDLOG MATEMATICNEGA MODELA
NIHANJA VRETILMNEGA MOMENTA

Z namenom, da bi natanéneje modelirali nihanje
vrtilnega momenta, je podan predlog matematiénega
modela utripnih hitrosti fluidnega toka, ki temelji na
linearni diferencialni enacbi petega reda:

From the time dependent torque record (Fig. 5
- upper record) and from frequency analysis (Fig. 5 -
lower record) it is evident that, with the capacity
increase, the pulsation amplitudes of eigen frequency
(55 Hz) declined and at the same time the amplitude
of force frequency (330 Hz) increased. Thus it can
be concluded that when the capacity increased, the
pulsation torque amplitudes declined [9] and at the
same time the torque frequency increased. This isa
consequence of the better impeller and guide-vane
channel load.

5 PROPOSAL FOR A MATHEMATICAL MO-
DEL FOR TORQUE OSCILLATION PREDICTION

In the research work the proposal for a math-
ematical model of pulsation flow velocity has been
given, The basis of the model is the fifth order differ-
ential Equaliﬂn‘

20x* Gdn
y(t)" ~ﬁ]!-f'if]'m il T — () =0 (1),
s splodno obliko reditve: with the solution in general form:
2x 4 Alidm
y(t) = cu(t) = Ao + A ws{Tn )+ By s:n[ﬁ!] + Az cus{ﬁt] + B, sm{ﬁ-zj (),

5 konstantnimi Elem, ki zajemajo geometrijske in
obratovalne parametre:

D, Q
Ds (“? 7h:0; lnllﬂgw) Mk

Ag =

%= (22)(3:)°

kjer so: D -vstopni in D)_-izstopni premer rotorskih
lopatic, D -vstopni premer vodilnika, u, - obodna
hitrost, /.- teoreti¢ni kot relativne hitrosti na izstopu
iz rotorja, 7, - hidravliéni izkoristek, @ - nepopolnost
rotorja in a -koeficient periodiéno spreminjajole se
pretoéne povriine v obodni smeri [10]. Pri
predlaganem matematiénem modelu enaébe
vsiljenega duSenega torzijskega nihanja vrtilnega
momenta je enacba (2) uporabljena v brezdimenzijski
obliki, kot desni - vzbujevalni del znane enatbe
duSenega torzijskega nihanja:

A,
Im@ + cp + kip = M, (1+—u:-5u!+

Ao

kjer je M, srednji vrtilni moment. S postavitvijo
koeficientov v nove konstante in razdruZitvijo zgornje
diferencialne enaébe v tri diferencialne enatbe:

)t () (B - () ()

where coefficients are constants, and model and work
parameters are.

(3)

and

(4,

5=(%) (%)

where: D is the intake diameter of the front guide-
vane foil boundary, u, is the circumferential velocity,
B, is the angle of relative velocity on the impeller’s
exit, 7, is the hydraulic efficiency, a is the impeller
incompleteness, and a, the coefficient of the peri-
odical changeable flow surface in tangential direc-
tion [ 10]. By the new proposal of the forced and damp-
ing torsion torque mathematical model, the eq. (2) is
used as the right or an excitating part of a well-known
equation:

B sinwt + fl-' cos 2ot + B—sm ‘.Zn.ui) (3),

.-"1“ An AH

where M, is the mean torque. With the coefficients
setting into the new constants and with the above
equation (5) separating into the three following dif-
ferential equations:
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Ing+egthke = Do (6),
Ine+eop+ ke = D;coswt+ Dysinwt (7,
Ing+ep+ke = Djycos2wl+ Dysin 2wl (8)

dobimo reditev (sl. 6) kot vsoto delnih reditev :

elt)=vnt+tvr1+w2+ys

kjer so: ¢ -reitev homogenega dela osnovne enacbe
(5), @, - reditev enatbe (6), ¢, - reditev (7) in @,
reditev (8). 5 superponiranim nihanjem, to je z
upoitevanjem ponavljajotega se vzbujanja lastnega
nihanja vodilne lopatice z utripnim tokom, lahko
simuliramo vrtilni moment z enatbo:

i=1

w(t) = pr +er+@at+ st Z Ky icos(wt + 2wi) £ Z Kqisin(wt + 271)

=)

kjer so i - faktor kotnega faznega odmika glede na
osnovno nihanje, K, ;, K, .- nakljuéno izbrani amplitudi
z vrednostjo med 0 in 1, ter @ - kroZna frekvenca
lastnega nihanja merilnega sistema. Tako je
upoitevana tudi delna nestacionarnosf vrtilnega
momenta (sl. 7), ki nastane zaradi turbulentnosti toka
in 3uma merilne opreme.

where a solution is sum of particular solutions (Fig.6):

(9),

where g, is the solution of homogenous part of equa-
tion (5), 4, is the solution of the equation (6),4,is the
solution of the equation (7) and ¢, is the solution of
the equation (8). With superposed oscillations it can
be considered that the repeated eigen oscillation is
agitated with the pulsation fluid flow and the torque
can be simulated by the equation:

el

(10),

=)

where: i are the factors of angle or phase delay on
the basic oscillation. The K| , K, are the coinciden-
tal selected amplitude with vaIu:es between 0 and 1,
and @ is the circumferential eigen measurement sys-
tem frequency. In this way the non-steady torque
part (Fig. 7), which is the consequence of the turbu-
lent flow and the experimental equipment noise, is
considered.
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Sl. 6. Nihanje vrtilnega momenta na osi vodilne lopatice pri n = 1800 min" in QFQ

1,00 a)

ter izracunani graficni prikaz b)

Fig. 6. Guide-vane torque oscillations at 1800 rpm. and 00,

= 1,00 a),

with calculated torque graphic review b)
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Fig. 7. Auto-correlation guide-vane torque record at 1800 rpm. and 0/Q_ = 1,00 a),
with calculated superposed torque graphic record b)

6 PRIMERJAVA IZRACUNANIH
MOMENTOV Z IZMERJENIMI

1z diagramskih prikazov (sl. 6a, 6b) je razvidno
ujemanje izratunanih vrednosti nihanja vrtilnega
momenta na osi vodilne lopatice z eksperimentalno
dolofenimi vrednostmi oz. s srednjimi vrednostmi
Sestih ponovitvenih meritev. Prav tako je razvidna
podobnost zapisov teoretiéno doloéanega vrtilnega
momenta, superponirani zapis (s1.7b) =z
samokorelacijskim zapisom (sl.7a). 1z slednjega je
mogote sklepati na pravilno upoitevanje
ponavljajotega se vzbujanja vodilne lopatice k
lastnemu nihanju, s periodiénim utripnim tokom na
izstopu iz rotorja.

7 SKLEPI

Po merilnih rezultatih in njihovi primerjavi s
teoretitnimi je mogode sklepati, da smo merilni prob-
lem zadovoljivo regili. V tem primeru je bilo treba
registrirati majhne referentne obremenitve (model
obratuje z zrakom), ki so se Easovno zelo spreminjale
(utripno, neustaljeno).

V okviru raziskovalnega dela razviti merilni
sistem C podaja dobre rezultate, saj je z njim moé
registrirati neposredno hidrodinamiéno silo na vodilni
lopatici kakor tudi njene komponente in prijemaliste,
kar je bistvena prednost pred dosedanjimi merilnimi
sistemi.

6 COMPARISON OF CALCULATED AND
MEASURED RESULTS

The satisfactory agreement between the cal-
culated and measured guide-vane torque mean oscil-
latory values, determined from six repetition meas-
urements, is evident from diagrams (Fig. 6a and 6b),
Also the great similarity between theoretically deter-
mined oscillatory torque and the auto-correlation
torque record (Fig. 7a) can be seen. On this basis,
the regular consideration of periodic excitation of the
guide-vane into its natural oscillation, with periodic
pulsation flow at impeller exit, may be concluded.

7 CONCLUSIONS

On the basis of experimental measurement
results, the comparison between theoretical and meas-
urement results, it may be concluded that the meas-
uring problem has been satisfactorily solved. In given
example the small referent loads (model operates with
air), that is time changeable (pulsation and partly non-
steady changeable), are measured.

In research work, the measuring system de-
veloped (system C) gives good results. The hydro-
dynamic force, its components and it acting handle,
can be directly recorded. This is the main priority in
comparison with the latest developed measuring sys-
tems.
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Predlagani matematiéni model za teoretiéno
napovedovanje nihanja momenta na osi vodilne
lopatice daje sprejemljive rezultate, ki jih je mogode
uporabiti pri dimenzioniranju premera osi vodilne
lopatice.

Glede na prenos razmer z modela na izvedbo
je mogode upoitevati samo kinematiéno podobnost,
saj gre v konkretnem primeru za obratovanje zdvema
razli¢nima fluidoma (zrak - model, voda - izvedba).

The given mathematical model for theoretical
torque on guide-vane shaft prediction gives
acceptable results. This can be used for calculation
of guide-vane shaft diameter dimensions.

Concerning model to original parameter trans-
fer, only the kinematics similarity can be used, while
in this case two different fluid mediums appear. The
model operates with air, and the original facility
operates with water.
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