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e trends for low-head propellers. 1 
(mwc , are shown in Fig. 1. 

Fig. 1. %dP funclion of %WO 
for low-h d propellers. power 
plants A and B (2016-2018). 

he IJ'ends for low-head Fran i 

Fig. 2. "odP function of %WG 
for low-head Franci power 
plan CIO E 2012-201 

ig. J. %dP fun lion of %WG 
for low-head Francis po er 
plants 10 K (2014-201 S . 
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The IJ'ends fot low-he d Kaplan (1 than 40 nl c) are hown 0010 in Fig. 4, 
and fot low-bead 0 (le than 25 mwc) are ho n 0010 in Fig. 5. 

reg. 4. ~.dP function of % ~ G 
fot 1 w-head Kaplan. power 
plants 10 P (2016-2017). 

Fig. 5. ~.dP funclion of %WG 
for low-head 0 power 
plantslandM 2017-2019). 
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The trends fot medium-head ranci (40 10 50 mw ) are shown below in ig. 6. 

ig. 6. ~odP function 0.( ~v G 
,ft- , 

v •• " ~'.' .-
for medium-h d Franc power • • • 
plants Q to 2012-2018). .. 
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he lftnds for high-head Ft 

ig. 7. "edP funclioo of%WG 
for high.h d Franci power 
plants t02 (2013-2019). 

is( Otol40mw)ar showninFig. 7 . 
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3.1 A"al) ; 01 the /"J1l1e"c~ 01 var/olls lactors 0" owrpr lire 

An analysi b d on th different hutdown lime rate of the wickel gale wa 
carried out in order to eparale the contribution of each factor 10 the piral case 
overpressure. The wi le 1 gale opening (''-WG) tays on the x...axi. ln ail case , 
the pecifi pattern of gene 1 behaviour identified previously was maintained. 

3.2.1 J"flll~"c~ olrtJpid do Iln 011 o.'W!rpnSSlln 

e i an ob abl carrelati n between 0 rp ure alues and the variation 
inthe teofwi le 1 gal rapidcl urolBAF. Thee olutionofthe%P fordiffer. 
enl lB for a propeller operated in power plant A is shawn in Fig. 

Fig, 8. ''.dP for 
difTerent lB 
for a propeller in 
power plant A 
(201 t 
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1be evolution of the %dP for differenl tBA for Il rancis operated in power 
plant E is hown in fig. 9 and for a Kaplan in power plant P i hown in Fig.. 10. 

ig. 9.o/odP for ... 

1 different tBAF 1.15.0 
(E) 

or a Fran i in 
po er plant u .. 
(2018). .. ... 

uo. 

"" . 
.... 
.... 

• • • • .. 
ig. 10. %dP for un ..... 

different tB F IPI • • 
for Il Kaplan in 

.... ... 
power planl P 
(2017). 
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3.1.1 /llflll~IIU ofl'lIpÎd do lin 011 tlI~ Iwh,It';ollr of OI"~I' factors 
Il WB found tbat wOOn th rate of wi !cet gal cl ure i Încreased.. sonte values 
worsen, 0111 intprove: 

• the unit overspe d g down; 
• the 0 rp and vacuum in the draft tube in e; 
• the 0 ilIation and th fluctuation along the hydrauJic p 

amplitud and emer ntore often. 
incre in 

ft houJd he noted \hat overpr ure . gnificantly influ nœd by the exi t-

ence of a second cl ing lope for i!cet gate , adju 1 d al a 10 er rte. 
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3.3 Temporal analysis of factor interaction 

Depending on the type of HPG. there i an imera tion in lime arnong lh me und 
value : overpre sure. wi k t g toperons. wicket gat c1œing rate 0 peed 
and variati n of pre ures/va uum in the draft tube. unit peed. ccel rati n of the 
unit ln th exanlple in Figure Il for 1 d rejection of a Francis in pow r plant 

the volulion in tim of th param ters is presenœd. 

ig. Il. Paramel 
for a Fr i load 
rejection in power 
plant 2019). 

Il can be ob rvcd thal the ma:omum pres ure peaIcs in the piral do nOI 
occur at the beginning wh n the guid van 1 n 10 cl from 100% but lat r t 
700A for the fi 1 lime and al SO% for the ond lime. The pres ure an ti n in 
the draft tube happens at th sam lime a the ruoner ove ed. mal imum 
vacu.Wll in the draft tube oc urs ju.sl before lhe econd 0 erpres ure peak in the 
spiral e. Iso. il i pre umed that the fU'st 0 rp ur pe is due m tly to 
the harp redu lion in water Ilow by the wicket gates. On th other band, the­
cond on com From the instabiLity phenomenon indu.ced by runner 0'" rspeed in 
the al Il w, concomitant ith the fluCluating p ure inside the draft tube. 

. CondllCl i relat d 10 the hypoth . made by Ramos and Almeida I l ; II I that 
the ruoner in overspeed i acting a dynanùc orifice. 
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3.4 Exception ana/)'sis 

Special case encounlercd were analyzed separalely 10 idenlify the origin of th 
unusual beha iour in emergeney hUldown. 

3.4.1 lhtlCIÎl'II1;OIf 01 tlt~ s,cOltd Jlo/W 

9 

ln the case of a Kaplan turbin opera~ d in power plant P, ccidenlal failure of the 
valve ensuring th cond cio ing lope cau da ignificant ri e in the piral c 
overpres ure and the ig. 12 h w overpre ure value for lhree ditTen.'t\1 tOM. 

Fig. U. Influence of l • ï / .".... : ... ,.. .. .., 
the second lape cio - [Pl . ... 

J 4 /' Jl a ,.. 1. 
ing on th %dP for a 

... . '/ . a/. 
Kaplan in po er pIanI • • 

1 • • / . 
P (2017 . Th conûnu- • ou line tep entth .... 
pr ure obtained with ;/ a second lape cl ing 
below 45 .WO, hile 

r .--
• .. -

the dotted Iines how ." the pres ure ri wben • 
the low valve i off 

.,. 
ervice. .. ... ... . .. .. .. .. .. .. .. .. .. ... 

11 i ob erved that th ond lope basa ignifi ant effect on r in pre ure. 
Moreo er th fj t r th first ra tBAF the greater the inllu nee of the second 
lope on higher overpre sur . Th re ulIS allow us to list the se ond lope clo-
ure of th wi Xet gate among the Iœy influ ocing factors for overpre sure. 

3.4.1 (h.~"prnJUI'tI III c/tIJ;IIg!ro". Sp«.IIo-1Ot1d 
For the power plant Y equipped with Fran is rurbin . Fig. 13 ow a ignificant 
overpressure in the piral e al the end ofan aulonuali hUldown sequence. 

Fig. 13. Overpre ure peak from peed-no-
1 d in power plant V (2016 . At th \' ry he­
ginning of the las! closing tep, while me mo­
tion of the wiclcct gat wa initiated from the 
speed-no-load po ition (rpm for approximate­
Iy 14% WO ro ()tA WO al normal rap d lope 
(tBAf - 15 an overpressure peak (x) cio 
to th maximum alJowabl pr ure (Padm) 
occur in th piral case. The graph also pre­
sent the unit pow r (M ) and the reference 
pre ure when WO are cl cd (pref). 

97 



10 w },12 21. 04 , v5 (final): '\\ater hrunm r inter t ian betw 11 H drauli Power 

\0 

The analy i 0 thi e enl ugge ts th t the flow is nol the only importanl 
fa tor causing the increase in overpre sure in ide the hydrauli 

3.4.3 OvUf1l'~ IIrt' i" lNt'd rt'KM/moll 
An ample of a 1 d drop for a ranci turbine al power plant Y is oowo in Fi 
14. Ouring the i Iœt sate me ement for peed regul lion in normal ope tion 
or even whil unit 1000 variation. 0 illation and in tability pbenornen occu 

II} 14. Pr ure in ume 
during a power load drop 
for a Fran i in po r 
plant Y (2019). 

variation of regula. 
tion parameters causes 
o mations and instabil. 
ily ph nom na, wbich 
induce ignili ant 0 er-
p ures in th hydrauli 
p ge. 

4. Discus ion 
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e analyse \\ conduc~ d 10 get a bener und rstanding of the HPG pc1I'8In ters 
that arre t water hamm r and traD ient regim whicb r ul in producing up­
plementary Ires for the HYP. Ulrlmat Iy, the sc pe of the tudy wa to produ e 
reconunendati ns to f1 ilila~ deci ion making for ustained operations of th as-

IS. ln re rd with thi goal, the objective of the experim nts were m . 
• it ba bœn oown tbat for ail the group configurations therc i an oplÙnal 

tBAF 10 eosure balance between 0 rpr and the Olher f1 CIers, in Iud-
ing unil overspeed: 

• there are aJwa additional olutions to imp ov bebaviour, such 
coud cl ing lope, i injection insid th flow. etc: 

• in orne ca , either d rtniti Iy or temporarily the maximum i!cet 
gal opening can he restri ted 10 a permined valu in order 10 comply with 
the maximum allow ble pre ure. 

A preview of the influ nec of the different factors on 0 erpr ure bas bœn 
pro . ded. To m t the obJ cU e of c.ause-eCfect relation hip as weil th p 
dence tatu . more attention needs to be paid to the existing r orded data. A fur­
ther analysi remains to be done in order to clearly parate the contribution of 

ch factor. 
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The impacl of e trenle loads on ùte equipment hould he addtessed. 
Depending on the Iype of olicitalion, the onsequences and the occurring rt ks. 
me apptopriate me~ures hall he applied. 

Mainly, the considerations for el management hould focus on adopting 
olution in ordet to increase equipment lifcspan: 

• apply le demanding operating modes for HPG: 
• impro e ùte exi ting maintenance: 
• de rcase the planned or unexp ted hUldown periods. 

Iso, some preventive measure are needed in ord r to ensure a safe opera-
tion of Ihe installati ns and to decrease the risk of accidents: 

• ecure critical dju lments protecting ilie equipmenl from extreme 1 d ; 
• recon ider th design crileria for projects; 
• clabotate trategie for upgrades of the exi ting equipment. 

5. Conclusion 

Il is importanl 10 ha e an in-depth undersranding of lhe waler hammer phenome­
non, which make it po ible 10 identify the ne lis of the assets in order 10 recom­
mend optimal operating p ramelers and prOlocol for the life pan. From the assel 
management perspe tive, according 10 the previous IIlventory of con iderations.. 
severa! pccific recommendalions \ ill have fa ourable effeclS on benefits: 

• for upgrade or n \ project con ider the operation mode accordingly to 
the business- ose of the unit and grid requirements; 

• for certain operating sequence r protections, inslead of ctiwling lhe 
emetgellcy sbuldown circuit. cl e me WG al a JO\ et speed by the elec­
Ironic speed govemor m n fini h lhe sequen e using the Shuldown ole­
noid valve 10 Jock the unit; 

• use a proacti c tlUlÎntenance trategy: 
• d pt Ihe maintenance 10 the reallevel of trcsseslsolicitation ; 
• perfoml monitoring and periodical inspections in arder 10 inlercept degra­

dations. 

While the application of previou mca ures cao genctale immediate and 
long-term bene iiI , the 1 k of action on following one cao ha e a dramatic effecl 
on the safe operation of the equipmem: 

• alidatc the tBAF value to prevenl unexpeCled overpre ure; 
• ensure me hydraulic circuit of Ihe govemor to prevent accidentai switch of 

the tBAF: 
• install a second cio iDg lope; 
• confinn me reaJ allowable working pre ure for th HYP accordingly with 

the actual degradation of the equipment: 
• at commissioning, adjust the crilical paramelers propeny (tBAF, 0 er­

peed). 
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proper et managcm nt ' e senlial 10 maximize lhe alue of oper.lliog 
acti itie roouce unplanned c t r de la ys. and ensure fe operations. The 
observed beha lours in ovcrpre ure ~ III improve the ad n d alculation mod­
e! proposed b Nic let el al. ( ) and will h Ip tind the main fa t r to ac OUllt for 
during th de ign of hydraulic pa sage . as weil a the parametet'S to adjust during 
commi iooing. Also. a Illore a curate hydraulic model \ ill permit 10 ju lify the 
pr posed measure in terms of a t managem nt. to ensure safe ervice from 
comml i nlng to the nd of the equlpment life )' le. 
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