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Voorwoord
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Dreigende energietekorten als gevolg van een steeds
groeiende energiebehoefte in combinatie met slechte economische
vooruitzichten hebben de Surinaamse overheid in het begin van de
zeventiger jaren aangezet tot een serieuze inventarisatie en
evaluatie van onder andere het hydro-energiepotentieel des lands.
Als uitvloeisel van het Jai-kreek omleidingsprojekt voorziet het
zogenoemde Jai-Maro projekt in de benutting van een deel van dat
potentieel.

I

In het kader van afstudeerwerk aan de faculteit der
Civiele Techniek van de T.U.Delft is het JAI-MARO projekt aan een
nadere beschouwing onderworpen; waarvan de resultaten en
conclusies in onderhavig rapport.

I
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Het totale onderzoek is verricht onder verantwoording
en begeleiding van de vakgroepen Waterbouwkunde (Prof. ir.
A.Glerum) en Civiele Bedrijfskunde (Prof. ir. H.Wagenmaker) en
bestaat uit de volgende deelstudies:
o Vooronderzoek (deel A)
o Ondergrondse centrale
o Ondergrondse centrale

-energieberekeningen- (deel B)
-globale dimensionering van enige
onderdelen- (deel C)

I
I

De presentatie van de resultaten en conclusies van het onderzoek
is in zoverre ongebruikelijk geschied dat er ten behoeve van het
deelontwerp bij de vakgroep Civiele Bedrijfskunde geen apart
rapport is samengésteld. Wat impliceert dat het deelontwerp is
geintegreerd in het hoofdontwerp. De op het deelontwerp
betrekking hebbende onderdelen zijn op,enoDen in de delen A
(hoofdstukken 2 en 3) en C (hoofdstuk 7).
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Gedurende het onderzoek en in de rapportagefase is door
vele personen en instanties medewerking verleend. Zonder
overige(n) tekort te doen wordt bijzondere dank uitgesproken -aan:
• Ir. G.P.Bourguignon (vakgroep Waterbouwkunde)
• Ir. F.Breeveld (externe begeleiding en informatiebron)
• Ir. K.Oterdoom (vakgroep Civiele B~drijfskunde)
• Ir. L.W.Boksteen (Stichting Jai-kreek & Phedra, Suriname)
• het Bureau ICE (International Civil Engineering) voor door haar

bewezen diensten
Bijzonder veel dank ook aan mijn zwager de heer H.Ghiraw die
binnen de rapportage vrijwel het algehele typewerk heeft
verricht.

I Delft, mei 1988
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SAMENVATTING EN CONCLUSIES

I

Het in 1965 in gebruik genomen Afobaka waterkrachtwerk
(Brokopondoprojekt), in hoofdzaak ten behoeve van de particuliere
bauxietindustrie in Suriname, heeft een geïnstalleerd vermogen
van 189 MW. Omdat de gemiddelde benutting om uiteenlopende
redenen nooit groter kon zijn dan ca. 117 MW en de Surinaamse
overheid krachtens het Brokopondo-overeenkomst gemachtigd is om
gebruik te maken van (een deel van) het "extra" geïnstalleerd
vermogen is aan het eind van de jaren zeventig het idee ontstaan
om het water uit aangrenzende stroomgebied van de Jai-kreek via
de Olenskreek en de Marowijnekreek om te leiden naar het
Brokopondomeer. Tijdens onderzoek ten behoeve van dit Jai-kreek
omleidingsprojekt werd er in de bovenloop van de Marowijnekreek
over een relatief korte afstand van ca. 8 km een verval van ca.
50 m geconstateerd. Het benutten van dit verval middels een
ondergronds waterkrachtwerk volgens het Zweeds type (Jai
Powerhouse) werd in 1982 voor het eerst gepresenteerd op het
FURORIS congres te Paramaribo.

I
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I
Binnen onderhavig afstudeerontwerp is dat projekt,

verder betiteld als het Jai-Maro projekt, nader onderzocht. Het
onderzoek moet dan ook worden beschouwd als een aanvulling op wat
reeds eerder met betrekking tot het topografisch aanwezige verval
is vastgelegd.

Met grote nadruk wordt gesteld dat ten behoeve van het
Jai-Maro projekt er ter plaatse in het geheel geen onderzoek is
verricht en dat de resultàten en conclusies van het
afstudeerontwerp volledig gebaseerd zijn op gegevens afkomstig
uit veld- en bureauonderzoek ten behoeve van het Jai-kreek
6mleidingsprojekt (kaartenmateriaal, rapporten en gesimuleerde
langjarige debietreeksen van de Jai-kreek). Binnen dat kader is,
daar waar de beschikbare informatie geheel of gedeeltelijk tekort
schoot, uitgegaan van veronderstellingen. Het gebruik van
gegevens uit het Jai-kreek omleidingsprojekt ten behoeve van het
Jai-Maro projekt is zeer wel mogelijk (ook bezien vanuit de fase
waarin het onderzoek zich momenteel bevindt) omdat het Jai-Maro
projekt als uit.loeisel van het Jai-kreek omleidingsprojekt
directe relaties heeft met het laatst genoemde projekt.

I
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I

Vanuit het in 1982 gedane voorstel voor een ondergronds
ontwerp is in het vooronderzoek een vergelijkende studie
uitgevoerd, waarin naast het ondergronds alternatief een tweetal
andere·alternatieven met bovengrondse centrales zijn beschouwd.
De beschouwing heeft meer het karakter van een
haalbaarheidsstudie en wijst uit dat het ondergrondse alternatief
op economische gronden (kW-prijs van ca. 0.10 Nf.) in eerste
instantie de voorkeur geniet boven alle andere (onderzochte)
alternatieven. Voorts blijkt dat het Jai-Maro projekt en het Jai-
kreek omleidingsprojekt elkaar geenszins (hoeven) uit(te)sluiten.
Een combinatie is zeer wel mogelijk temeer omdat het omgeleide
water uit het stroomgebied van de Jai-kreek bij realisatie van
het Jai-Maro projekt toch terecht zou komen in het Brokopondomeer
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en dus meer dan éénmaal zou worden benut ten behoeve van hydro-
energieopwekking.

Het vooronderzoek (deel A) wordt ingeleid door enige
algemene informatie over het waterkrachtbegrip en over Suriname
(hoofdstuk 1). In hoofdstuk 2 wordt de probleemstelling samen-
gevat en geformuleerd; tevens wordt in dit hoofdstuk de
beschikbare (en ten behoeve van het waterkrachtprojekt
noodzakelijke) basisinformatie kritisch geëvalueerd. Het
langjarig gemiddeld jaardebiet uit het stroomgebied van de Jai-
kreek tot de afsluiting bij de hoofddam in het huidige
omleidingsprojekt blijkt ca. 54.4 m3/s te bedragen; uit de
topografische gegevens blijkt een verval van ca. 55 á 60 m
haalbaar. Het vooronderzoek is afgesloten met een uitgebreide
alternatievenstudie (hoofsdtuk 3). De uiteindelijke keuze is
reeds eerder vermeld en is gebaseerd op economische analyses van
de onderzochte mogelijkheden. Overige conclusies en aan-
bevelingen, in het bijzonder in relatie tot het huidige
omleidingsprojekt, zijn samengevat in hoofdstuk 4 van dit deel.

I
I
I
I In de delen B en C is het ondergrondse alternatief

verder uitgediept. Deel B (hoofdstukken 5 en 6 uit het rapport)
omvat de energieberekeningen die enerzijds aangeven welke baten
(uitgedrukt in gemiddelde hoeveelheden energie per jaar) mogelijk
zijn en anderzijds een aanzet vormen voor de dimensionering van
de centrale. Aangezien de afmetingen van de centrale in hoofdzaak
worden bepaald door het te installeren vermogen en deze op zijn
beurt weer sterk afhankelijk is van de vraag naar energie zouden
de energieberekeningen in principe gebaseerd moeten worden op
plaatselijke powermarkt informatie. Bij gebrek aan kwantitatieve
gegevens over de vraagzijde zijn de energieberekeningen
uitgevoerd aan de hand van een verondersteld hoofdcriterium. Dat
criterium houdt in dat er gezocht is naar dàt vermogen waarbij de
gemiddelde jaarlijks te produceren hoeveelheden energie maximaal
zijn. Het "optimale" vermogen blijkt in de buurt van 60000 kW te
liggen; de energiehoeveelheden bedragen daarbij gemiddeld
ca. 218 * lOB kWh per jaar. Tevens hebben de berekeningen geleid
tot het vaststellen van ontwerpdebiet (Qontwerp totaal = 125
m3/s) en een ontwerpverval (Hontwerp = 60 m). Besloten is voorts
om het te installeren vermogen te stellen op 80000 kW (3 * 20000
kW + 1 * 20000 kW in reserve).

I
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Met behulp van de in deel B bepaalde waarden voor de
basisvariabelen (per turbine-eenheid Ben ontwerpdebiet en
ontwerpverval van resp. 41.7 m3/s en 60 m) is in deel C van het
onderzoek de globale dimensionering van enige onderdelen van het
waterkrachtprojekt ter hand genomen. Op grond van de beschikbare
geologische-, topografische- en hydrologische informatie zijn
achtereenvolgens uitgewerkt de drukschacht, de inlaatconstructie
en de centrale (hoofdstukken 7, 8 en 9). De dimensies van de
drukschacht (inwendige diameter van ca. 9.3 m bij een wanddikte
van ca. 0.4 m) zijn vastgesteld mede op grond van een economische
optimalisatie, waarin naast de aanlegkosten ook de
energieverlieskosten zijn betrokken. Bij de inlaatconstructie

I
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z1Jn tevens beschouwd het noodzakelijke aanvoerkanaal bij lagere
reservoirwaterstanden (h = 4.6 m; Vw&ter = 0.6 mis; bodembreedte
Bo = 57.6 m; taluds 1 : 2, onbekleed) en faciliteiten om het
zwevend materiaal uit het water te kunnen verwijderen
(bezinkbassin met ruwe lengte-, breedte- en diepteafmetingen van
resp. 27.6, 130 en 4.6 m). De karakteristieke dimensies van de
turbine-eenheden, die de basis vormen voor de totale afmeting van
de centrale (lengte * breedte * hoogte = ca. 65 * 18 * 35 m) zijn
bepaald in overleg met de Zwitserse turbinefabrikant Sulzer
Escher Wyss Ltd. Voorzover mogelijk zijn de onderdelen
weergegeven op een aantal principeschetsen.

I
I

Voor een waterkrachtprojekt geldt in het algemeen dat
de tijdsperiode tussen de planfase en de fase van operationeel
gebruik tamelijk lang kan zijn (soms zelfs in de orde van
decennia). Geheel inherent aan een dergelijk projekt, waarvan het
onderzoek doorgaans pas daadwerkelijk start nadat de noodzaak en
de economische haalbaarheid ervan vaststaan, is het feit dat met
het oog op de aard van de vereiste basisgegevens (langjarige
hydrologische informatie bijvoorbeeld) een langdurige aanloopfase
geenszins onlogisch is, vooral indien de informatie in de
planfase niet aanwezig blijkt. Dit houdt in dat naarmate de fase
van realisatie en operationeel gebruik dichterbij komt de eisen
met betrekking tot de nauwkeurigheid van de vereiste gegevens
zullen (kunnen) worden opgevoerd. Vanuit deze optiek is het dus
zelfs niet noodzakelijk dat alle gegevens ten behoeve van een
eindontwerp reeds in de prille planfase in gedetailleerde vorm
beschikbaar zijn. Gaande het onderzoek zal vanzelf blijken welke
gegevens met welke nauwkeurigheden in een b~paalde fase zijn
vereist.

Ook binnen het Jai-Haro projekt is bovengeschetste
werkwijze van toepassing. Vermeld wordt bijvoorbeeld dat het
voorstel voor het ondergronds alternatief uit 1982 gebaseerd was
op gegevens die op dat moment aanwezig waren. Naarmate de
ontwerpfase van het Jai-kreek omleidingsprojekt vorderde is ook
daarin de nauwkeurigheid van de met name uit veldonderzoek
verzamelde gegevens opgevoerd. Het ontwerprapport (Hensley-
Schmidt, januari 1984) bevatte dan ook informatie die ten behoeve
van het doel van dat projekt voldoende nauwkeurig was (wat
overigens niet opgaat voor het Jai-Haro projekt)·. Uit dat rapport
kon evenwel worden geconcludeerd dat als gevolg van recentere
gegevens (met een grotere graad van nauwkeurigheid dan die van
voorheen) het ondergronds alternatief in gunstiger licht kon
worden geplaatst; omdat een locatiewijziging van de drempeldam in
het omleidingsprojekt binnen het Jai-Haro projekt een verkorting
van de turbineafvoertunnel (een relatief duur onderdeel binnen
het totale projekt) betekent. Deze aanpassing is in het
afstudeerontwerp uiteraard doorgevoerd; evenwel zonder dat het
idee voor het ondergrondse voorstel enige wijziging heeft
ondergaan.

Reeds eerder is opgemerkt dat zuiver en alleen ten
behoeve van het Jai-Haro projekt er in het geheel geen onderzoek
is verricht. Desalniettemin is getracht om in de opeenvolgende
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fasen binnen het afstudeeronderzoek de nauwkeurigheid van de
berekeningen op te voeren. De resultaten van deze studie moeten
dus in zoverre relativerend worden geinterpreteerd dat de
uitkomsten dienen te worden gekoppeld aan de huidige
beschikbaarheid en nauwkeurigheid van de basisinformatie. Indien
te zijner tijd besloten zou worden tot realisatie van bet projekt
zullen gegevens, gebruikt ten behoeve van berekeningen bij dit
ontwerp, dienen te worden vervangen (c.q. aangepast) door (aan)
de informatie die op dat moment beschikbaar zou moeten zijn.
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r:" llc.L~ .U .1,_ü U:+r : ."juL 'I-"Lh LiG

/)L,(U;è.é_i.!J<..'-cL'V-i..(. ,1jL-;L~·t4YL('~ /Îtu-t-v /l;(i.'u'i<.1..., "i( /J&LUil
'"

I
I
I
I

=r:' J<L«''''- .(_,}tkL"'< L~; "ltuLtf «c.cc. ~Li j",t}{ttL1r'
iL j v-. 'lULifLj /""'-t ,ü ,flnA{'~~r (~}0,G~,U.,,-,'7')

! ' .
jA_I 10~U/~f.- v2.4'./'1i-t~~-1J ci cU jU.(/J.
;"hu_f :k~u-lLyt-t id ./Ó'-j<-"Lr:':" ua:«: d~

,,{A_L(_.l)t:.~'-a_~ /[..L-'\- iLt /~L{..t..6_~v._,t-rdLi.~4_ /Vc[_~ cJä_

/}(//'_/;ul); t-1,0 L(._ ./],vu~~ ,,·Lt!._.-'/l-{_,'-c'<-k dl "u_ t-tlL(.;L-;)cl{/-4'<-Y'-:'-"

ti"', M2'1.»t.....h I !lsln,AlJt» ~ I/"''- /:J ,u,~ .

"r:" ,.f_,;J /d L'-j("jt.-"'~ ~t~ d4U,'~ /:t_<t.<.LI
/[/f'h. ce:c: j1-t'J--t ë(.i..<....(_' ,~i.(_~~) LiL! /w)?~i<A./~ ,,~~L-(__,yc.fu,~/d

/itL4l<_i t')yL1-U'J'~ L:Q'LLtx.( .ua»: d. 12~ , Ay ..Lé"

/lco-> u<-rJt.L~"'k ,zc_:t.J(iC~h~ -0f;L ,l-c-<--"i.<._ , i!<-Lt,-~&L4;tl
/~' ((,1,1. j_(_--t /i'-(_,á~ }11..i_l: ,,{é_. /!..~ /1''''/ uoucc« "i-~,LC'{{, 'u'(.,'ÎlL(_,:{

r,.LJ dL à/}C<..~ ~L<L'è. Ui_t,1. /(ä.A''-r...L( t/}1-,z.!uL t'-t't,t-<- i-'t.t_

/)t LlL,tlt J{)-d'/{,~i /J-t(_(_ti~ )-<_L.(,Û1,... t-L,foLtA'-vt.-<_1.'- ,~~~.L- ~/11.Z,á~t z-«.
é~i,- ~v~}_, 1,( {.Lt-c ..Uu '/,,'-{,,-t.C:'ft-t-U(/~iL{/11 4.,.1 ;VI.'-(_-{ d,cLt

)1 r: .u...",-LcIt~"1L:f}}(M UA-t,.. ct: tU .'l~ lei
/{'-(/[n" -C-''-lj.J U-L-(;_. UL-é:..:~v. /z_,ta...-k vU /~ /'frl-r}<_,t /L<'.<'AL.t~\,

rJ-"Ky1;L (/»> 1Lu.-l é,_ -)(JuÓLLU"'-, 6d V> ,tU. !)1.>A-<-L~k

/KI.Á)-<./rt.L t,']1u-LJ I1J..L- j c. t:4... utii'Vj~1/é~. dL /'!.è-t /1--~~

/C'1...-it-zut ,1/.1. t da.i; i{.{_~ ;uu ~ /}i'--d-t!.,Llw~J

Lo4lU-J "LUU/fA 6. :/U?W ...=r:: (/J>u!_{ 'i/kj"'«-

~ t1tV ddû~,- tLL-/,t.. (_)!_l_~/l; r+" v4 d4L 1~~f

léAL 'ttH(_.t_'Ltlj_e"Lt. e~/t/Jt.L(_,~ !l-u1Ud !V<./?,kr).1 ti,d



I
I
"

I
I
I
I
'I
I
I
I
I
I
I
I
I
,I
I
I
I

-JJ-

.U:kt<:''- /]_L,L.- dL /1.~ ,k'<.-{ ~Ltct<.l.-"- /l-(./ndu·. r(n~
flt.-~ ~1c.Lu~'l.L f_,1 /l)-(/L,r'7L~ ~t c;ie_,

J~~~" n-e«./r:: d4h_. /f.L'-<{..é.Á-e1u/! Û.t

/r'VU-d.e. éLLAf~~ ,( /l/-(L.1--L. tX.G /)C,..1a._t!li~~,ui oU-71..J dL, r+r::
;z,~J.

Xv Ll ifvUVJt ~/}1_~1/Y~~ r~ )~~ cU ~~ !'l4.-~

tJlL (}Îft/WYF M_,h ((,& (/J ~~L~ ~uc- f k-tH-L h_~eL
y;-L) ,#c cU+r+: ~I /û.liMU 1-'U.~-

~ IW/Ild.i._{ id _z~/wu.Lt '1/"""- dL ~<ULt 6)'i/".

JU1tt~cU_ I ; ['4. 1C .e (.f.0It 2._ -{.6b) ~ IS f ;r{.t.;t ~ i_ /.t6J.j
i fo = 130g ~J,k~ ·jid-l~k ~.2y..t~j

//A/Yl,d--é kt ~~ ru,~Lt::: JiJ;]Ä.J' ,fA} .

f~IA~~ jlX~d,u1_~ öV-Gi,; dA_ ~~~, ~

tiLt ~)M1~ /U-IJU-v: J1,~J1-.f;-w6 = 2,,.' A/jh01J1..
1t.s-J_ ~ (L)'

~t r(;1 /~ ~ fl4.~v ~ ç,U_ ~~ 11J.1"!,lj}Hm,~ ;

~ .Jta,àjJt fLU,e_, r<-~"-' I~ A.'~ -ce.cc ~i~~
(U/X/U-J e, tLB.A_/XX/)l.ij,

. tiL ~~ ~ ...:I~4-u.ul/
»-: ~ ,64.Jle·v. au c.

• frk-ho·t._ ,~~ r'11_dûej_.a_4.4~ k~ dL Mukc!..L~

-6 ) .ir. dt~ fvtA..d.<...zr 4'~ Jrt- 1.3
~ ~ "'.ÓQm, ~ tJftf/l/u--(JiG ye"J.,ut.,~~ ~," (///),;

1"olnl~ . (rb ·60 f- 5:D~) ~ 10 = foJ21hl ~. /td Î tk· =)
'ff,('/')' fO i. J I /' t11= ,Zt)/Jlfo 1

r",:,._é.tf~~ IJl r: ;tu.~ ~~ ~ /ltntVVK ~ 11

~~~E-:; 1.~~",,+ 108.;5" ftu~~/6sbJ. ~,_.l.i~.~.dI~t- t.

h::t:~iÁ-% M1-t~ (j) «--@ .
• Jo:.t:a.k ~~//bl : aBoJ(!oooJt,t. ::: .y61flo Y /J1"'t.

Ol dJkdu'-d.i 1I~: g,t6, ~Gc{, N : JJs tV/WIn t..
f6;f- ~ ...,~t
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,,k (;1t1..R...[{uuiL taj(.u/,iti/7 /jl{)__", 2,85Iviiwr,1- L- ~~ /tL-{_('~YV

llu/(;wG d.cvu dL tK~~ /!)--d.,-t.-v % = !cJ. ,ij IV/mml.

~~ ;1n.J.t. t.l rc~tu ~J'l~ d:R._ d(_{.~~~Lt

i'J cl-G d(''''YI-é-~VJU:n1-lA_~/ ~ dt_, /?d~ t?J.~ t~ ~ .

~

• j~'f.,rt0tJ.h._ ,o/tJ./IL.JiUrr ~ d,(_, ;»u-~~ LnLt-

1n-L~ ,: ~ /V"(/L,~ n/a:« ~ ttt}-~-tL-'UI .

Ii, ~'t. ~lt;_,U,;ti ::
rl.(, -; j:()4 ,,1%

r: ; 4. IJl:J ·m ji ~1.3N/nvm z- ; I~ ~ 1CJl)N!/H4nL:

1Afru_t'j: !i~j",~ f.foo I>wn < t 'lAF ~ o ..t ?,)

f.2~%.~ : 310 ml11l. 1- rp ~ - J.~"
N/tIt'"~ )<,(..V~ .-~ 60 Ik.mz, } cp f6 - ~oo .

!i)w'1' ~ 1.j f 60 />Vi,,_' ( z,.J- ~ cu. z)

-% .Á-(MAUA~".' r(. -: lf66# "."6 j-o·()3 :.:4]5'111

~k~: ri;: s«. -d.~'-(j.ln:. 4SóIn
J.rcr!J;: 3t -ro»: .

. /f~ = flUJ'/1vm"
fIJx,u,~ = ?~ ::.2f~. iJLn,Ä I ~ p10 -)ff()

j~/O
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. J. / A'J/',1
/{A"U ~?",~J'v< ..dC{._a.1;,_cLc /~ 7v;,..l d.d r=r=r
.~;t ~~ ~~ /Jfcuuc..[It1_J~~ ~
tU, ~- /)....t-f' ~~~ /~L cá dUL-L-
/Je.kd..L t,/ v- dL, kL~r- ~,fr~
t1J--dA..j~, CAH1A ..r.t dL _kIi~~ ?~
kd ~~(/J(.Av(A(.. .~. /lJntk da..t dl ./lH/U~

~dL ft_J-'a_p~ rv-c«. d..t ~~/ ~ ~-

~~ % du...L t~ tU .~~ .-lfo % t:U...G~

"'--«v dL ~~J ~:uu. r~
~ d<_. ~J!L ~~ ~ ~~ .~VJftdd·
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fll?#U J. Á /tdaaLe~Jtu,(_d~.

cf'i.Il~.

Alt(; ~ tJLu~JU/J ;7.)tlM, dL ~ c.L~ ~
~~ k,_ 11X/WI-tr /lHlM.ud Ld /]U.-t.J-<_a«_-

~ tLR.. _Á,?/]J(/LVluJ ~~ dl.- /U~7u~, û~

,#1/ fU-He.-<./U /lM, ~~ ./lMd- dL ~ ~-

fIAH.,~kL ,/LU)'Lod ~ie_JrL ~ .a. tU-;~
;ViMA, cU_ ~~.1 tU, dakMvJ-'(,O~ tVa.,.h/

dL MvG,._J~~.~ ~r~'
1I'-4~ rWJ1;a ~ y-~?.._._.Jt ~ ~-
JuuW(})·(Lu_~r~~U@ . .

I
I

Jt. ~Léa.~ 1.)Cl.M_,. dL ~~e?~~ /f,~

!UÁ-~ tré tb-~JJ~ûd.~ ~ d1.a~~.

frv ~#LL (j) t1/] /Uf.,dA ~~ Lt,t
b; dG hea.kLu_t.L;tIt4v cL<.- /1M-ta._,deIMA~ .ûU

~ Y'~ ~e ~ "t6 ~~ /l"'t-e,t

~ ~~N'A_~~ l' dL~rû~

(1jJM- ~ ~cL.~ ~ 1{/1 ~~ ~

oU.., /}~~Jet1-UJ~ '" ~cU liK&t Äé ~ ~ ~
~ {~)Ud~ ~t'Ut 1'A/'~~7

& jMAa,a.A,(, ~ cU.,.F !V~ ~~ ~ ut
JM-;m.uo ~)J /Uv bt-Lr:' IhU-tM<- ~.~

dL dA.uJ~toL~ Uv{ I~ r~~' !ló-(; ~
dL ;1IkJ4):.4.;t~]t~ !Z~'-<-~ ;Ud dL~ ~ ~

tfAM~dAm ~i M/Z~ ~ lMcr k/á~!yL
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._t{ '2,(_iLA.., Ic--/: ~~L .kt /~"'vv-(/~1y~é /z.{_~

/Ll rJlcu;V/...;~LaA'(AA~ vI' cU #a._,.k&'_~é ;l,·'-ä.A-<.' .a.
, /}U&At:tYn.d ,tl-d Mttttuit ~ de /U.e..[~ /l.Ht4v 04.

é--{(/l;L-1/./,-,u-L. lid t~ a.«.«. d. ~~~ d<_, Aea.~
,l}!L.ul cut ~ /J-VV ;lk<-é d<_. /~ n-a»: c4_,[ F~ ti

j~.ru-d U tn1 tJf .cc«- r:": .~~~
dL iu/l.~'~;;'_~ Uv tJU JL~~.dr+!7:...C- /lMAj-(/]~ ., ~rrG J'I / ?~JUA-d ~ r~ v.d
U t'kir1AX-lf~rJ.-ri ,V-~ dL!~ ~~L~(_~.J V'

,tG dU,f,·Vl,~UMI/t, ( ;J%l-t fL-lANffMÛ ~{_,~) ~

dlJ-C//I,1t:Û%;I/'_U:/"v r:":' ?,'7dd;6. A;'
1Ht-v dLr"""-c[b<u_~~ek) y'~' l4 ~& w ÁLI:

tuv /}'Y(_~~ am: !<,ÁÁ/I: k ~<- ~ .~~d r-
oe,/!u,U-lU!AJ./ ;1v40t ft ?id,~.

( tt-on.' , 1011'1 ft tI'" )

~~ .&'lA.kLIk ~r~ .u,l/1..<U',Mvt af~~ eM-

"ÛUJ /v}~~tu;t jVau. kt ~aI41.-lZ~L·~ bu.. ~

fl,V-olcd _):ou1G 01..-~ a.e-«: ..~ tJ_e.,1-1,. .~'() (,u ~()(A,-""

~.k.. dv ~~(,iv1A- HU1/Ylv?<. LJ d.Jw .1JJ..t&;,~ dG da.fM 1/01 rJjF-~ ,
1'- &l- ~?~ tt-J~~.~ (t~H;d
e,4{.,i_ ). Xv~ u~ ~ ~tr~ /wr..dt '
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-4-<. -
IZ,V._c;"}Ui0<-1~ ~1- tv-f~1i 6t-Jc/L<-v'V~ /LA.~~ W
yM ~~n. V1A..~ ~~Jtu-l,~X /l~Lt(.,~ ~lA.-"

d: ~rk(.,L" da_-(,t_ ,~,~ ~7 d..-a/~k-t,~~ d.J"

,u af~~·)·('/~ ,!_r-l- !-f~~ ~ 1:&1 r("~Yifé:t__d
//)'(/~i,'(,~(._~ /k~0 -f1U)u~~ ot ed. I/OM r A/J iJ.

,i .1J1,1(.,{/f,(..~·Jt~~t ~ de. fL-~~/UA_Lt (/J

4/A.- d.dr:a .ranc . é;...-L CL-<uUu- 4e.L~J4
Vf' /;U°Pr / 4° ~'Vn~).
? 1J~ ol<- ?~ ;U70 a;,~/~r: UI.iLL .a.c: .,~~ fg_.t ~. r=":

;U-{U(_a_,.1 ~ &k. llc,VvL' dG dut,~~d~ /t.r~t, ~tV>fiq~

!l(_c"L~) tU_ 4WA)-~ ,/U.a-~ ~r~ ftv(,;d-a.,td~ ;2.a",

,rUiL'k. ' ~v~~~ d,u_" ,rl /],ua ~ ~r~i
l' j1~~ fÎ11,(.dU/v~ ~J ~ cU. ÁlI...e-u/Jiu.v}~~ ~

(l}-Mv cU ~~'{dMVV Ä~e~~ M<-lPv~~

;U/ll.d..u...· ~. /,_,_t I~ J i. ~ ~tH.t ,und~

F~e-k~ d~ ~ rt~/-wj !l,,~ ~ ~~~v~

tf [~ I tJ() d_ I~ ~ /t1-tt4\J.I.L-é ~ d...e,.~ ./1J~ d.< dt:.1hK ~

.j'?~'-(M.IrtU1J~ lZuLt~ 4 .fi~~~é .,.z.,~ rU· .;tt-u~-I-

tiOMv ~ ~~, ,/V~·ndv~ If;'vdt"u~i.

ik~ ;{rJ;?~ ~ ... t>I Uad.t.uu.é@
ti<. ,1'>Uff~~ I UI. J!. =r=»: t.. ~ r~
;lAU l-'v ~ ~ Iv~ .,u_~ /l/J.~~ t~ <-~=« )t..'V1/h._..~ ~a. ....:t ~-v ~ rru-; .cc-c-

/1}-,~aAJ !'~ ~t,. /V11/{~é-nv1A- t'lllJ "I ~ -u.~~

;1)é/vhkM-l-f,rr ~ ~ ,/YYUJna-~ I bk·ff t.~- 1/-.

1d !lU-M ~rLtuuU ~~~ »c-cc«.



I

Î.o

I
I
I
I
I
I
I
I
I
I
I

I
I'
I

\
\

LEGlëNO F"OR BORING" LOOo<NG O()o'WSTR().J,I. ~ _
l4I.!l( 5 "'('!VIS r_ liGHT .........

AUGER BORINGS
ALONG OLENS KREEK

SURVEY BASELINE

HOLE STATION

818 9':i+00
819 90+00
8lO ~+OO
8 ZI 80+00
8U 7'5+00
82.3 70+00
8 Z4 ~+OO
82.3 UH 00
8~ :6 +00

EI3 c."'" T1r\ ... ~I"_

I
I
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4J~
, dL (,:iuu#da-~~~. Ij A /t(.,d~~~{yk ~~~Uj

(IJ-Me kt ~ .e-: ,;{_t_ tJU~i!U<.K ~ 4-'~ d-L

_b;e:a.k /ttm4/L"V iU.~ I~ ~r~·
lid. kl~~ /VJa_~tevl'~~~ /t~v /U!--t~

b~ /d~.

IÎ11-AJF~-cL ZlI ~ tl.,e-,f(}(,(,,-tltuzA1 (j) ,u~ M~~h

/lrVt- fel t'flirz,V-Ct-f .~ .cc«: ./(M_,l~t-~. E~~-

t-o-. ,fA ~Mcu.Jv?e.l- ~ ~ Ani ~,/>U<A-

/lil/v [[d ru~ -~~ GV bJ~ /ZLï --t~fG
,i'-0;J..,.vi}-tVteAA_, ~ ~ ~ ~tv:

• iUA'rW,. dt_, tUd~ ~ .J<--kf "...d4.
/JtLtfG ~ ~ ~r+r: )/k~ ecc

~~~ 0'v.m ~iM- ~~)uX ~ 0
_kÛ/~~. /Jr! Áe-1~ /V~ LU-rr~
kt ~uzi ~(/z/~r. ~ t.'·VL

, ti&... ~e,laA-il

~~ 'JrL~ M<..~~ ~

• ~~~ah7,~ 4~ ~ (~~~
iJ ajv~,4~ v~d~~ ~~/~

tJj f:lj ..:f hl- I- AlS.f.) 1/;1A.. cu~a.Lu.. ~ d0Á~~
~J<-d '1' J.dr->: (IJO~tAJJjJ) j<-'~
fJ..Ä:.,w dJ /1;1--0 oU-f r:' .cc«: ~,u~ ~u_~

Ut! »r ~M~d.hL ie- #fMt (~).ûu. - ~ llJnLû..

~~ ~0 ~ U~ ~t b2/ ;tv~ 4f~~
I/}-d,.p(,' l}iL ttJ-e/~ ~ ~/ ,-v~ttJ-U.,1.-G#
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. kd ~ f lojt.I;r"-"'- '!}<.-t.lnf u<--,á A'oe.a.-k ./I.HUc

,)d.M~dAJ t!1y1Apb-t-Á~'~rld,-~d t-a d(_

r:U/v~U;~ _/UA_~LL (1.J-áM-/oe~ Z ~(;iL~f;;L~.·
• ecu: "l../J;r{d~ /(_.~«..u.t Mi .Á:YitN~ ,l)q__~

~U fut /1>t_..~1.<-~ d< .~ ~D<'-tdu.. I ~
~4~~~aLt /1. .
• ~ k11..~,d{A1 ~~, cU, ~~Lb_/ ( ~O.éA<-ZuuL)
(l)-á.A/f.,; dL (,-i-tt-t~jX-ftLrl(,t-u ~ (U~rk~ '~Jf)
4' ~~1/Jk& ~ ,~e~ I ~/A.dvû ~é
~ ~;.ft; ~e_~lf,~ I t·o·v. dL

?iu~~ tuh Ld /I~ ~r ~ tUL/u
&~1, ~~. tf1lU~ ~ /vV<_',~ ~

M dL/f,u!L ,dtrlKAA-<r/~ /Vk- d<.~r7~~
,u i/..,&&J:w<A..L r': /Uw-&".d. Au... '7' ol<..

ti1M'fdáIM. ,:Jru_dd ~ 4<-0 /u.~7-U.-)-dt ~
t~ IJo i1V r /tiJt d,t- t~ ~ t:L(_ ~4Ltu~ dAt#

dL ,IUAt/ljflit.J.jk /U(M tÛu7 ~i,d~~G.

N.~. If U jZ,iLth M~ /»~r~_J_~

kt !eu' -~~t'rffLé /t~ ~1-rv U
!l}uduL~ 1/~~,dd-~~/~~-r>: .

f;1WJv~: JotH-~f~ ~e~ I v...I ~
.~ eet IJ/) a -Ilo /J1.,- ~ ~ tl/1 /V'~

dL ~~~1 {Uv ciu-1 CL lt'tJ ti. IlolJt.;
~t dL ~;(.Hu-t, ~ daM1.) ~ ,~
Ä!./:J l1..l7-tdd-!A<.dC/ ~ ~dudL~.
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-fj-·
. cf {;_ hIYU-l-!'~riC'JU,1,tt--t l1t~l- ~ /}11/Cac~~t- ~~_

o hu_<!'iu_·. A}~ fa_;tc.-~ nca»: ~ _~Vt; cU dL-uL:1d~

J1tduv û~~ k tMt-U,:ré~1 )
,kk~Ajyt~~ /!'(f)~~.

•~~''! :1rtL«,' U~ Ota..;t O&/},ct ,LL

é~"Vt-v~~ ~,~.
l!nrt}-U~JttLrXM.-dL ~,,~ ~'eAN ,~ /l--V<..~ tJÛ._

('/)'-(~F~ d-t'-Glt'1,v:

:ë ~-fu~~ iV--ML ~ -~- á ~~ Ju,-<:..t1)-U..~

~ ;1~'VL /VV~UJ.L I~ dL t~t~~ r!lt~
~ ~tt.-L.U~ (fu 1~14-U1~) ~v tJt~~
/l/Uv(, !hu 1»'Va..,~ (~) da..-.t /JG-La..,de,

tI/IL _k1,,~1N ,1j·(.//'~i...t~f;t, ~ dL, ,11/t-~J-

L4juï- J dL ~t&~1 VdAA-' :U tb..<Á./~d~ c«:

dL ~h«-u
~ (7/7~~ ~~ ~~ IZ/--iUt. dL tutku~

t~);Jc:,LculiJ(WtL~ t~-~~.~,~

Il}{;i-iM_VvV Lru:F.
o ~tJl1l2/)/1/{,<}--{)(..AJ./~ / Uj-(/t-t,.:

- ~;;dA,au.l<A~: ,/Jn<ÀlAA/~ ~ 1A;1- ~-

~~J~~dd-c«
t~~~ ~~-U.d~

pl4Utud cUud iZ 'r: ttu~4/
fJLe tat1Uu.~ ~ )~tK4. ,~
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/lU·t/:i._ _j_{}-(_,Ll-t, .~'2,'}'-Z-t1~"'L- r-<-~
a__1Jvu~{,=:~wn.cc« ..
{ .oe» ~ b ~ ~UAfu jL_i<_,)

- e_.6Y'y?_-O'~;Jr!.--L: ~'- LIJ.b-; ih'~r á-t(__~li(A,_ ~
/Lu.~ I ~Uj~ ~t vU L~ILJ. ,t~
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Stichwort: JAI MAROF-SYSTEMATIKAUSLEGUNG Var:
projektnr:

Land: surinam
Akquisition: SEWZ
Kunde:

I 1-flutig1 Francisturbine(n), vertikal
Netzfrequenz f - 60 Hz

I
I

ABMESSUNGEN
***********
Laufrad

1736
832

01i2213 mm
2307 mm

12
01a =-
02 ...
z2 -

mm=
mmv =

2730 mm
671 mm

2445 mm
22
38 Grad

Leitrad Oz
BoDo -

Zo -phi
=

I
I

3900 mm
3969 mm
2929 mm

Ld
al
a3

2600 mm
3137 mm
3475 mm

od =
ee =

'a2 =
Spirale =

I 2358 mm
=- 12400 mm

Saugrohr Os
L 6100 mmT

Mitte Leitrad, bez. auf UW-Kote-4.13
60.0
60.-0

Einbaukote: m

I FALLHOEHEN
**********

Hnenn-
Hmax =

m
m 60.0 mHst max=-

I U/minn = 300.0
Ku2 = 1.0564

Vollast
Kcm2 0.2908
ny 0.5697
012 1011. 5
nsq 328.1
P max- 22.42

60.0 mBETRIEBSOATEN H
*************

=
Optimum
0.2537
0.5321
882.4
306.5

Optimum
36.38
20.18
94.3

Vollast
41.70
22.42
91.3

I
I
I

m3/s
MW

%

o
p
Eta

MWNicht limitierte maximale Leistung
vorhanden
m

Sigma- 0.2410
B* 9.50

Sigma- 0.2410 zul
Hs .= -4.96 m

KAVITATION
**********

KU2R = 2.051582 u/minOURCHBRENNEN
************

n run=I
I

714 kNAXIALSCHUB
**********

Fa

45.00 %
8.940 bar
73.95 kN
4.334 tm2
108.4 tm2
77.24 tm2
97.97 kNm

Oruckstoss in % von Hstat max ....................
Konstruktionsdruck .

.Lau.fradgewicht ....•.................. '.' .
Massentraegheitsmoment J des Laufrades .
Massentraegheitsmoment J Generator, luftgekuehlt .•
Massentraegheitsmoment J Generator, wasse~gekuehlt
Erf.Arbeitsvermoegen der Regeleinrichtung .

I
I
I

0.000 1.000VERTElLER: H841, H811 F SYS 86
SULZER-ESCHER WYSS ZUERICH H-BER 841, 30-0CT-87 varesiI

I
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Approx. Kalkulation fuer vertikale Francisturbinen--------------------------------------------------
PROJEKT: JAI MARO
1 Maschine(n)

VAR:

Berechnungsdaten:
Spiraldurchmesser
Leitraddurchmesser
Max. Fallhoehe

Dd -
Do -

H max -

2600 [mm]
2445 [mm]
60.0 [m]

Ergebnis
- ohne Spurlager + Bock
- ohne Durchflusskompensator
- ohne Absperrorgan
- Lieferung aus der Schweiz

Die Ergebnisse gelten fuer 1 Turbine(n)

Gewicht
Fabrikationsstunden
Selbstkosten unverp. ab Werk ZE 099

103000 kg
17800 h

4290000 Fr

NE-ZE 105 .............•..........................
SEKOV-ZE 200 bis 290 .
BVP-ZE 320 verp .

%
%
Fr



-:tl' -

8erechnungsunterlagen H - Berechnung FIK
A3.7 -A3.8

Dsta
Francisturbine5 tiDz
Beilage 2

Saugrohraustritt!

Rechteckig
I ds

Kreisförmig
T 2~

Aa2 4 D~ V A~=h~· Ba
bzw. Aa = ha ·(Ba +d, )

a
ee'::---~-+---~----- L ------~

Z.Nr. r063' 787ersetzt Z. Nr. vom 15. 11.79
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~~_ ~ ~~ tJU,~~~

~ ~ ~ 1Z)(A4~. ~ oU,~
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tV; /lt
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-.
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-.. J 1'11"---

.qj,/~1

/<.ti = ~~t~!~ t1I)'n IJÛ.,~ ~

tV, ~~;()-~ tJÛ., t~ C-J.

f/tJl = ~k-t~ Á7 ~ ;UU~ VIfAc. tá~ ChJ.I.
)/0-.:: ~~~It Lh/.!_~::r~~~tJÛ,~~~

tiL t~ Co/J./

~ ~lJek ~ ~ á t~.tttAt)~ dL Q-U-
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~~~ .(II«.-lIv.) ~ d.t... ~ek.~

~~M/1/t~~~~~t4
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r=:~ Ik MiU,a.,d ~ otL t~ .lid
~b tiL I~~: ~e.cutLd~
~MÁ~ ~~/~J t~~~
d~~ ~ ~ ~ ~dM1tf. ~ ~nut
,w-~ ~ pÛ, t~~ek ~~ rMJ-t.
9.3.J.J. e~~UJ-(,/liuMd {~tJt.,,,paL)

~û..alc.. ~

~~~~ ~ ~ Û)-(.~ ~~-

~~~~ntaAd~A~~

Crr)~ ~d ~ taAl-itak~~. h'~n&,A(u

W(T~~.
Maximum H.W.

Normal T.W. ~.~-----------r-
~---t- -

Datum

Fi.9tJ!Jr s.e D· f d fi'· .. ffi . aron [107lagram or e mmg cavrtation coe Ietent parameters. 'J
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~
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~
i 0.10
CJ
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.; 0.04

~,
"/

/
n1•64

a - ~25 111
V N~·64-

a - son;IJ ._
Cavitation unlikely V
la plant> a turbine)!

,
"vI

/
/ Cavitation may be exeessive_

/ al PlaT <Ia ,Tri I

/

I

I
I
I
I 0.02

10 20 40 60 80 100

I r Speeifie Speed'"1l. Bron [Jo)
~i.Ju(Jrg.,.

Experience curve for reeommending cavitation coefficient limit.
SOURCE: U.S. Bureau of Reclamation.

I
50

r Francis Prop.lI.

I ..
,.
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j.oo"

~ ~
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~ j,...-

""

I 1')40
"C

Ö
... 30e

~
a.. 20I

I
her - CrIticai h8lld in ft or m·
h. - DI.tanc. fr om d2 to minimum T.W. in ft or m
h. • hb - aher ft or m
Z • ct. distrlbutor to minimum T.W. ft or m
Z • h. + b - Toul dr.ft head
d2 • L_st diameter through shroud in ft or m
d3 • Di.charge dl.met. of runner in ft or m
b • Dist.nc. from d2 to ct. of distributor

in ft or in m

10.
60 80 100 120 140 160 n.20 40

100 200 300 400 500 600 700 N.
Speeifie speed

(b) 8ron[:tOJ

I

I
Experience-curve for recommending tota! draft head. SOURCE: U.S.

Bureau of Reclamation.
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I
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Modern trends in selecting and
designing Francis turbines
By F. de Siervo* and F. de Leva*

The increasing demand for hydroelectric power has tended to lead to the construction of particularly
large units, especially for conditions of low head and high flow. This tendency has stimulated
advances in design and manufacturing processes, so as to keep the dimensions and costs of these
large units to a minimum without sacrificing efficiency and reliability.

air injection into the runner, were not taken into account
in tracing the diagrams of specific speed and cavitation
coefficient.

The curves were drawn by a simple regression procedure.
using a digital computer program which analyses the inter-
dependenee of assigned pairs of values utilizing ten different
types of interpolating functions. In the cases examined, the
functions which gave the best correlation coefficients were:
straight line; exponential; hyperbolic; power; and last,
rational.
The values of the correlation coefficients and standard

deviations indicated in the text permit, in each case, the
evaluation of the degree of association between the two
variables under study and of the scattering of the data in
respect to the interpolating function.

THE USE of increasingly large turbines, which has been
brought about by the need to uprate units, as weil as to
exploit sites more effectively, has been particularly
evident in those run-of-river plants where large flows at
medium or smal! heads are utilized. There has been a
corresponding incentive to limit the dimensions of these
units so as to keep costs both of the mechanical corn-
ponents and the associated civil engineering structures to
a minimum; improved efficiency is another factor which
is leading to more refined designs.

In the case of Francis turbines the increase of unit
size has led to a broadening of the field of application,
partially invading those that were once considered
exclusive to Kaplan and Pelton machines.
The authors' company has operated for more than

twenty years in designing hydropower plants and is
currently working on some major projects, from the point
of view of unit power and total installed capacity. Experi-
ence acquired has made it possible to examine and evaluate
advanced manufacturing technology for the solution of
the problems concerning the design of hydropower plants.

An accumulation of data, covering in partjeular the more
recent plants, has made it possible to assess current pro-
gress in designing Francis turbines,
through contacts with manufacturers
all over the world and by taking
account of modern technology.
The aim of this artiele is to provide

engineers with an up-to-date refer-
ence souree for preliminary planning
at the feasibility study stage. Statisti-
cal diagrams of the main dimensional
and operating characteristics of
Francis turbines are inc1uded.

Data analysis
The research detailed in this artiele
covers the period 1960-1975, and
takes into account some outstanding
vertical shaft Francis turbines built
by manufacturers all over the world.
The table gives the main features

of the installations investigated as
taken from the references, while the
diagrams are based on the project
data, dimensions, and the general
layouts of the machines.
The turbine data presented in the

graphs have been collated only from
cases with complete· information,
rejecting those having unusual in-
stallation and operating conditions ;
eg, the data relating to turbines
which are coupled to storage pumps
or to generators, designed to operate
as synchronous condensers without

• ELC-Electroconsult, via Chiabrera 8, Milan
20151,ltaly.
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General selection criteria
Usually the main data available to the engineer when
selecting the hydraulic turbine for a preliminrary project
or feasibility study, are: net design head, Hç; and design
capacity for the turbine, Pr·

Generally these result from complex considerations
strictlylcorrelated with the regulation of the catchment_

1000~ __ ~ __ ,--r-' __'- '- -' '- __-'

_ • . .L _

i
I

_J__ L_._~' __-
I

20 -.

specific speed n,

Fig. 1. Speci(ic speed versus design head. The curves indicate th at over a pertod
exlending (rom some time be(ore 1964 io the present there hes been a trend to increase
the value o( the speci(ic speed (or a given head.
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I
basin to be utilized, and the requirements of the electric
grid to which the powerplant will he connected. The first
requirement for the engineer is to choose the most suitable
type of turbine for the project under study.

Each turbine is characterized by a constant, called the
specific speed:

I
I1

I
I
I

n being the rated speed.
Eq. (1) means that, for all turbines which are geornetri-

cally similar and operate in similar hydraulic conditions,
and for which the efficiencies are assumed to be equal,
the product

I
is constant.

Practical experience shows that technica 1and economical
requirements together with manufacturing problems,
establish a relationship between the specific speed and the
design head, of the type:

ns=F[Hnl
which is normally expressed in the form of a diagram. For
any assigned value of the head Hn, there exists a restricted
range of possible values for n.. thus determining the type
of turbine to be employed.
The available data have been divided into three groups,

depending on the year of design of the turbines. This gives
the three regression curves indicated in Fig. 1, which are
described as follows:

1960-1964 n, =2959.Hn -0.625

1965-1969 ns= 3250.Hn -0.625

1970-1975 ns=3470.HII-
O•625

The correlation coefficients and the standard deviations
are (res pecti vely) :

r= -0·94 s=52·6
r= -0·97 s=30·2

I
I
I
I

They show a high degree of grouping of the data in respect
of the chosen interpolating functions.
The diagram shows that, over the period considered,

there has been a constant trend to increase the value of n,
for a given head. For constant head and design capacity,
an increase of the specific speed corresponds to a higher
turbine frequency of rotation as in Eq. (1); the increase of
". thus leads to a reduction in the unit dimensions, and
consequently to lower installation costs, while keeping the
unit costs for raw materials and labour unchanged.
The curves drawn, give the specific speed for any

assigned head and represent an average of the data
examined, and therefore serve only to give an indicative
value. Single installations may have n. values th at differ
from those given by the equations, depending on particular
operaring or design criteria. For example, the tendency to
mcrease the n. value will he more apparent in" the case of
units which are going to be used for peak service where the
greater wear problems are compensated by shorter periods
of operation; or for larger units, for which the increase of
the specific speed permits cost reductions, which are
greater in absolute value than in the case of smaller units.
Particularly favourable installation conditions, such as

[hose sometimes encountered in the case of underground
pl1werplants, lead to similar consequences.
The increase in n, will be less appreciable for units of

'maller dimensions where the lower costs do not justify
c"~pensiveresearch work, or in the case of improvement or

r= -0·95 s=39·gI
I

I
!

I
I

,

I
I
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specific speed n,

Fig. 2. Increase in speclfk: speed (for a given head) as a funciion
a(the period a( design. The relatianship denated by (1) is derived
(ram Fig. 1i curve number 2 isderived (ram Handbook of Applied
Hydraulics published in 1969 and written by Sorensen, K. E.
and C. V. Davis; curve number 3 is derived (ram the US Bureau
o( Reclamatian's Selecting Hydraulic Reaction Turbines
published in 1966.

expansion of older powerplants where the installation
conditions cannot be altered.

The general trend over the years towards higher specific
speeds for given heads is confirmed by Fig. 2.

Once the value of ns is decided from Fig. 1, the best
rotation frequency is determined by Eq. (1); the rated
frequency of the turbine will coincide with one of those
synchronous frequencies which are nearest the ideal one,
adopting the higher or lower value, depending on which
of the above considerations may prevail.

The final value of ns will then be calculated applying
Eq. (1) again.

Notatlons

Dl= runner discharge diameter (m)
r= gravity acceleration (misZ)
hb= barometric pressure (m)
h.= static suction head referred to the wicket gate centreline

(m)
h..= vapour pressure head (m)
H.= turbine net design head (m)
kv= runner peripheral velocity coefficient
k.= ratio between water velocity at spiral case inlet section

and spouting velocity
k.1= ratio between water velocity at draft tube inlet section

and spouting velocity
n= turbine speed of rotation (rev/min)
n,= turbine runaway speed of rotation (rev/min)
n,= turbine specific speed
P,= turbine design capacity (kW)
Q.= turbine rated flow (ml/s)
Qy= flow passing through a spiral case radial section rotated

of the angle y in respect to the inlet section (ml/s)
r= statistical curves correlation coefficient'1= distance of a point in the spiral case from the turbine axis

(m)
s= statistica! curves standard deviation
v=water velocity at spiral case inlet section (mIs)
V1= water velocity at draft tube inlet section (mIs)
v.= peripheral velocity of water in the spiral case
(1= cavitation coefficient (Thema's coefficient)

29
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I Fig.'f3. Cavilation (Thoma's) coefflcient
andlsuction head versus specific speed.
The rale of change of suclion head
against speci(ic speed is shown [or Ihe
period 1970 10 1975, and is seen 10 vary
belween -1 to -5m in Ihe range
considered.I

I 0·04

Thoma's coefficient (T

I

.Q

0·08 0·1 0·2 0·3 0-4

Strictly related to the value of n. IS t~e cavitation curve:
coefficient, expressed by the formula:

w!th

I
I

The relationship above expresses the following require-
ment: to keep the cavitation phenomena within acceptable
limits at the turbine discharge, the absolute pressure must
not fall below a given value deterrnined by experiment.
This depends, in turn, on the elevation above sea level and
on the height of the runner above the discharge level. The
functionI a= F[n.]

I is shown in Fig. 3.
The available data have led to the following regression

I

Fig. 5. Ratio belween runaway and raled speed versus speci(ic
speed. The design of ibe associated generator depends on the
rated speed n.

600r---------------,-_,-----------r----_,

I
I
I

Thema's ceefficient "
Fig. 4. Cavilation (Thoma's) coefficient decrease as a funclion
of the period of design. The curve denoled by (1) is derived from
Fig. 3; curves 2 and 3 are derived from the same sourees as
curves 2 and 3 in Fig. 2; curve 4 is derived from Turbines
hydrauliques et leur regulation published in 1966 and wrillen
by L. Vivier.I

I
I
I

specific spee:::fns

I
I 30

I

r=0'95 s=0·027
For every turbine, choosing the value of 11. and a in

Figs. 1 and 3 determines both the maximum value of the
suction head h, and the consequent elevation of the
unit in respect to the minimum water discharge level.
Furthermore, Fig. 3 gives the rate of change of h, versus
the specific speed obtained on the base of the curve
n.=n.(Hn) relative to the period 1970-1975, and of the
curve a = F[n.J on the same diagram.

As can be seen, the ave rage suction head fI. varies
between - lm and - 5m in the range considered. In Fig. 4,
the caIculated curve is compared with similar curves
covering different periods of time. It shows a progressive
reduction over the years of the cavitation coefficient for a
given specific speed, especially for units where this is
high. This iIlustrates the improvement obtained in the
operation of turbines as a result of a more accurate study ,
of their hydrodynamic profiles. The ratio of the runaway
rotation frequency nf to the rated one n. necessary to
define the design of the electric generator, is expressed as
a function of 11. in Fig. 5. For each turbine the maximum
frequency of rotation, relative to the rated opening
corresponds to the maximum operating head.

The available data show marked scattering because the
ratio between the maximum and the rated head of the unit
varies depending on the powerplant.

To give evaluation criteria which as far as possible are
independent from these characteristics, the interpolating
function has been determined by considering only data
pertaining to powerplants for which the maximom head
does not differ by more than ten per cent from the rated
one. The interpolating function is:

where
r=0'64 s=0'12

For powerplants with considerable head vanatrons, a
first approximation value for llf can be obtained by in-
creasing the value given by the interpolating curve pro-
portionally to the square root of the ratio bet ween
maximum and rated heads.

Runner size
The similarity laws applied to hydraulic turbines show
th at with the same specific speed, the peripheral velocity
coefficient k. remains constant; k; is defined by the ex-
pression:

k.=D3nj[60.J(2gHn)]
where: D3=discharge diameter of runner; and s=
gravity acceleration.

Once the rate of change of k. versus n. and the rotation
frequency nare established, it is possible to calculate the

Water Power & Dam Construction August 1976
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Fig. 6 (top). Periphera/ velocity coefficieni versus speci{ic speed,
and (bottom) main runner dimensions versus speettic speed.I

I
Fig. 6 (top) shows the data used, and gives the resulting

interpolating function:
ku=0'31 +2,5 x 1O-3n.I where

r=0·97 s=0'047
The other runner dimensions indicated in Fig. 7 may be

obtained in function of n.. referred to the diameter D3.
from the curves of Fig. 6 (bottom).I

~-------D3-------~
FIg. 7. Runner dimensions; these are dependent on the para-
meters indicated in the /ower diagram of Fig. 6.

I
H,

I
I
I
I
I

350

The interpolating functions of the varrous curves are as
follows:

DJ D3=0,4 +94·5/n.
r=0'977 s=0·075

Dl/ D3= 1/(0,96 +0·OOO38n.)
r=0'67 s=0'028

Hl/ D3= 0·094+0·OOO25n.
r=0·63 s=0'023

Hz/D3= -0,05 +42/n. (50<n.< UO)
r=0·62 s=0·056

Hl/D3 = 1/(3,16 -0·OOI3n.) (110 <n,« 350)
r= -0,21 s=0·059
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Fig. 8. Water ve/ocity at the spira/ case in/et, versus speciflc
speed.
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Fig. 9. Main spira/ case dimensions; these are dependent on the
parameters indicated in Figs. 10 and 11.
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The r and s values obtained indicate that, as far as the
runner size is concerned, the design criteria of the different
rnanufacturers are very similar.

Spiral casing size
The dimensions of the spi ral case depend essentiallyon the
value assumed for the water velocity at the inlet section.
Given this value, the areas of the transverse sections are
generally caiculated as a function of their position along
the axis of the spiral casing, so that the following con-
ditions are satisfied:

(2)

(3)

Eq. (2) shows th at the runner is fed uniformly along its
inlet circumference, while Eq. (3) reflects the irrotationality
of the water flow.

Fig. 8 gives, as a function of n.. the ave rage statistical
value of the absolute water velocity at the inlet section
of the spiral casing, relative to the design he ad Hi; The
interpolating function is:

v=844ns-O.44

v= -0·84 s=I·267

The main dimensions of the spiral casing indicated in
Fig. 9 may be obtained as a function of n.. referred to the
diameter D3' from the curves of Figs. 10 and 11. The

2·6

èJ~ 2-4

0 2-2
"g>
ëc
u~
E0-
e
0
'v;
e

.ê
"El
B
"§
~

0·6
50

2·5-z:
.s 2-4

0 2·2"""~ 2·0

ê 1·815.~
i!1 1·6
Ö
.~ 1·4Q;
E

1·2-ö
Ol

'" 1'0'""~ 0·8"is.
'" 0·6

50

1-------------------
I- -----------~A- oB
~~-~-------------~c----

100 150 200 250 300 350

speeltic speed n,

>----.~-----------_j i

D·....
c~

o 0

__ E~_-----

--_._--

100 150 200 250 300 350

specific speed n.

Fig. 10 (top and bottom). Main spiral case dimensions versus
specific speed. The points indicated with an arrow reîer to
spiral cases calculated as controls assuming an average inlet
velocity given in Fig. 8. The letters A, B, C, D and E refer to
the dimensions indicated in Fig. 9.
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Fig. 11 (top and bottom). Main spiral case dimensions versus
specific speed; the letters F, G, H, L, Mand Ilrefer to the sizes
shown in Fig. 9.

interpolating functions for the different curves are as
follows:

AjD3= 1'2-19'56jns
,=0,54 s=0'099

BjD3= 1·1+ 54·8jn.
,= 0·92 s = 0·082

CjD3= 1'32+49'25jns
,=0,84 s=0·12

DjD3= 1'50+48'8/n,
,=0,90 s=0·08

E/D3=0·98 +63·60jns
,=0,93 s=0·08

FjD3= 1+ 131·4/,.,s
,=0·94 s=0·15

G/D3=0·89+96·5/ns
,=0,94 s=O'11

HjD3=0·79+81·75/n.
,=0·95 s=0·12

I/D3=0·1 +0·OOO65ns
,=0,87 s=0·029

Lj D3=0·88 +0'00049n,
,=0,54 s=0·06

MjD3=0·60+0·000015n.
,=0,020 s=0·053

Water Power & Dam Construction August 1976



I
;

1-------- ----"-----,--- -- --

0-4

I
I

The points marked with an arrowon the diagrams of
Fig. 10 refer to spi ral casings, calculated as a control in
accordance with the criteria expounded above, and assum-
ing the average inlet velocity to be that given by Fig. 8.
The interpolating curves agree with the calculated

values ; the scattering of the points concerning the utilized
data results from the inlet velocity chosen.
Figs. 10 and 11 can be interpreted with the aid of curve 1

in Fig. 12; this relates the rate of change of kv versus n.,
kv being the ratio between the velocity v of the water at
the inlet section of the spi ral case, and the spouting
velocity corresponding to the rated head obtained accord-
ing to Figs. land 8. 1t may be observed that kv increases
with the increase of n., although the velocity v diminishes
appreciably. This is because of a technical-econornical
compromise between two opposing trends, which are:

(a) to keep kv constant and with it the incidence of head
losses compared with total head as n, increases; this would
require a major reduction of v which would mean greater
dimensions and costs for the spi ral casing; and
(b) to keep the velocity v constant with the aim of

- limiting the dimensions of the spiral casing; with all other
conditions constant this involves a considerable increase
of k ; and therefore an appreciable reduction of the turbine
efficiency,

The compromise solution indicated by the statistical
curves in Figs. 10 and 11 partially satisfies both require-
ments, accepting a small reduction in efficiency while
,til! ensuring an economical size for the spiral case.
Accordingly, the diameters A and L increase with the

mercase of n.; the apparent anomaly that M remains
-onstant is because of its proximity to the end section of
the spiral casing where the volute departs from the
theoretical circular shape. The dimensions B, C, D and E
'11 the horizontal sections of the spi ral case diminish with
the increase of specific speed, in spi te of the greater volute
Jtameter. This occurs because, with the increase of
'f"ecific speed. the inlet diameter of the runner, and
-_.lnse':luently the ones of the guide and stay vanes,
JtmlOlshes compared with the discharge diameter, so that
--~I: volute has to be formed around a smaller circum-
:~rcnce.

0'3

1----I 0·2

I
I speei t ie speed n,

Fig. 12. Ratio between aclua/ and spouting water ve/ocity in (1)
the spira/ case in/et and (2) the draft tube in/et.

I
I

I

I

Draft tube si ze
!hc draft tube size is directly determined by the size of
inner, as both have in common the diameter DJ and

:'\c absolute velocity at the inlet section which corresponds
-uh the runner discharge velocity.

I
I
I
I
I
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Fig. 13. Main dra(t tube dimensions. These are determined
principally by the re/ationships indicated in Figs. 14 and 15.
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Fig. 14 (top). Water ve/ocity at the runner discharge versus
speci(ic speed and (bottom) main dra(t tube dimensions versus
speci(ic speed. The letters N, 0 and P in the /ower diagram
':efer to speci(ic dimensions shown in Fig. 13.
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I Fig. 14 (top) gives the mean statistical value of this
velocity versus the specific speed ns' The interpolating
function is

I VI =8'74+248jns
where

r=0·46 s= 1·45
The most important dimensions of the draft tubes

indicated in Fig. 13are given by Figs. 14and 15,where the
interpolating functions are:I

I
NjD3 = 1,54+ 203·5jns
r=0'85 s=0'38

OjD3=0'83 + 140·7/n.
r=0·82 s=0'28

I P] D3= 1·37 - 0·OOO56n.
r= -0·27 s=0·13

I Qj D3=0·58+ 22·6/n.
r=0.38 s=0·15

I
R/ D3= 1·6- 0·OOI3/n.
r= -0,33 s=0·25

SjD3= n./( -9'28+0'25ns)
r=O.64 s=0·88

I TjD3= 1·50+0·00019ns
r=0·06 s=0·22

I
UjD3=0·51-0·0007n.
r= -0·47 s=O·lO

I
VID3 = 1,10+ 53·7Ins
r=0·61 s=0·19

Z/D3 = 2·63 + 33'8/ns
r=0.21 s=0·32

I The figures show that, for increasing values of n., the
draft tube dimensions and particularly its developed
length, related to the S and N values, decrease.

On the other hand, for increasing values of specific
speed the ratio kvl between the inlet velocity of the draft
tube and the spouting velocity relative to the rated head,
increases as shown from curve 2 of Fig. 12, which is
obtained according to the statistical curves mentioned
previously.
These two facts are in conflict; for a larger kvl, and

therefore a greater amount of kinetic energy in the draft
tube in relation to the potential energy available, the
importance of its recovery increases and this would mean
enlarging its dimensions. This is another case of technical-
economical compromise between the need to increase the
draft tube efficiency and to limit its dimensions and the
consequent costs of the civil-engineering work involved.
With the high specific speeds that accompany the lower
heads, the second concept prevails, because of the large
dimensions of the runner, even for units of small capacity.

I
I
I
I

I
Conclusions
The design of Francis turbines seems to be charactèrized
by two important factors: on one hand there is a remark-
able uniformity of design criteria adopted by different
manufacturers all over the world, as shown by the limited
scattering of the examined data, especially for the runner
design; on the other hand great importance is attached to
the economie considerations, ie, the trend to reduce the
size of the units, both by increasing the specific speed and
by limiting the overall dimensions of the largest compo-

I
I
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Francis turbines at major hydro schemes

Year Rotatioo

Powerplant Manufaeturer of Head Capacity frequency
design (m) (MW) (rev/min)__-

~
__-

Akosombo Hitaehi 1964 158 115'4
\Albi Riva Calzoni 1972 347·9 36·62 750

Alcantara Neyrpic 1965 97 242·6 115·4

Altstafel Escher Wyss 1963 403 10·3 1500 I
Ana-Sira Kvacrner Brug 1968 46 50 150

Angostura Escher Wyss 1974 100·2 214 128·6

Aswan LMW 1966 62 180 100

Alumi Mitsubishi 1969 135·7 110·7 200

Balimela LMW 1967 257 62 375

Bastusel KMW 1969 67·6 uz-s 136·4

Big Bend Dominion 1964 117·6 183·8 -
Boundary Nohab 1966 76·2 155-17 120

Bratsk LMW 1960 96 217 125

Bronunat II Neyrpic3 1969 255 239·7 250

Cabora Bassa Neyrpie' 1969 127 485 107

Caroni Macagua I Yoith 1958 45 72·8 -
Carters Newport News 1965 106 128 163·6

Cethana Voith 1967 98·8 101·6 200

Churebill Falls Neyrpie' 1972 312 478 200

C1ear Creek Hitachi 1962 162·6 68·7 225

Corfino Ansaldo 1968 180·7 15·34 600

Dubrovnik Neyrpie . 1961 290 ll3·9 300

Dworshak, Wash. Allis Chalmers 1968 139 254·4 128·6

Edward Hyatt A1li. Chalmers 1963 187·4 118·3 200

EI Chocon Boving 1971 58·4 204·4 88·3

Hendrik Verwoerd Yoith 1972 68·6 102 136'4

Estreito V-VI Voith 1970 63·3 178·6 112'5

Fadalto Riva Calzoni 1967 107·32 119·9 176·5

Farahnaz Pah1avi Riva Ca1zoni 1965 80 28·87 250

Funi1 Ansa1do 1963 7l'5 73·6 163

Furnas Nohab 1963 94 154·4 150

Glen Canyon Baldwin 1960 138 ll5 150

Gokçekaya Allis Chalmers 1967 112 103 187·5

Grançarevo Riva Calzoni 1961 103·5 61·7 214·3

Grand Coulee TIl Dominion' 1973 86·8 603 -
Grand Coulee IY Alli. Chalmers 1973 87 700 85·7

Grimsel11 Escher Wyss 1974 458 106 750

Guri Hitaehi 1966 115 218·5 128·6

Harspranget Y KMW 1974 103 469 107-l

HermiJlon Neyrpie 1971 163 61·39 333

IIha Solteira Riva- T osi-Ansaldo' 1968 48 194 85·7

Infernillo Neyrpie 1961 110 205 163·8

Inga I Tosi-Ansaldo 1968 53·5 66·2 136·3

Inga II Escher Wyss 1972 62'5 178 107·1

Jaguara Mitsubishi 1969 48 118 100

Jordan River Voith 1968 289'5 183 257

Kafue Gorge Kvaerner Brug 1968 387 154·4 375

Kargamakis N.yrpie· 1970 135 137·8 214

Kesikkopru Tosi-Ansa1do 1961 41 46·2 125

Kharamill LMW 1960 307 56'5 428'5

Kossou Bandama Riva Calzoni 1969 49'5 68·6 125

Krasnoyarsk LMW 1964 93 508 93·75

Kremasta Allis Chalmers 1962 112 96'5 166·6

Langenprozelten Escher WYSS 1972 258·4 30 500

Langsan KMW 1972 180 52·6 428

La Suassaz Neyrpie 1970 207 81·6 333

Libby Allis Chalmers 1970 91·44 121·3 128·6

Loentseh Escher Wyss 1970 359·2 40·4 750

Lower Tachien Mitsubishi 1967 295 105·9 360

Magisano Riva Calzoni 1972 370·3 39·41 750

Malpaso Escher Wyss 1974 95·5 218·4 128·6

Mang1a Mitsubishi 1967 130·8 147·8 166·7

Manicougan III Dominion 1976 94'18 197 -
Marimbondo Neyrpic" 1972 72 185 100

Mica LMW 1975 182·9 444 128·6

Miranda Vevey 1957 65 58·8 150

Mina KMW 1971 203 98·2 333·3

Monte S. Angelo Tosi-Ansaldo 1966 201·7 84·2 333

Mongiove Ansaldo 1962 51·6 25 214

Mossy Rock Nohab 1967 94·5 167'5 128·6

Nakatsugava I VOilh6 1969 410 89 500

Niagara Lewiston Voest' 1958 92 150 120

Nurek KhTBP 1970 230 310 200

Oldan KMW 1972 252 68'9 500 -
Outardes 111 Dominion 1968 143·5 190 -
Orichella TosÎ 1972 474·4 75·23 600

Paradela Charmilles 1953 430 55·8 600

Passo Fundo Mitsubishi 1972 260 ll2·5 300

Paulo Afonso Yoith 1968 82·5 207 138·5

Pelos Tosi 1973 124·3 32·85 300

Porjus KMW 1971 59'5 241·2 83·3

Porrage Mountain Mitsubishi 1967 170·7 266 150

Predella Escher Wyss 1964 494 75 750

Reza Shah-Kabir Neyrpict 1970 165 278 166·7

Rio Acaray Riva Calzoni 1965 100 47 214·3

Ritsem KMW 1973 145 330 166·7

Salas Voith 1970 263 54·7 500

Salto Osorio Mitsubishi 1972 72 158 120

Sarelli Escher Wyss 1973 350·2 49 750

Smith Mountain Voest' 1960 55 155 100

Sirikit Mitsubishi 1972 84·3 150·8 125

Sodusu II Voith 1973 380 41·2 600

Tagokura Mitsubishi 1961 118·2 108 167

Ttefencastel II Escher WYSS 1966 366·6 28'1 750

Tokkeverkene Kvaerner Brug 1961 209 103 250

Tonstad Kvaemer Brug 1968 430 165·44 375

Tumut 3 Toshiba 1971 161·5 28j 187·5

Ust-Ilim LMW 1972 90 245 125

Verbano II Escher Wyss 1970 284 62·8 500

Vessingfoss Kvaemer Brug 1969 48 38·6 214

Vietas KMW 1967 67 163 107'1

Vouglans Vevey 1964 100·2 65 150

Waldeck 1I Voith 1970 336'6 220 375

Xavantes Escher Wyss 1962 73-7 106 128·6

Yarnvagsforsen KMW 1973 85 54·4 214·3
--[-------

In eooperation witb : I, Yoith; 2, Creusot-Loire and Jeumont-Schn.ider; 3.
SFAC and JS; 4, Cr.usot-Loir., Voith, Mecanica Pesada and Voith Bresi1;
5, Marin. Industries; 6. Fuji Denki Seizo K.K. Kawasaki; 7, Willam.n. Iron
and Steel Company; 8, Alsthom, Creusot-Loire. Eschei WYSS, Siemens, and
Voith; and 9. BLH.

Water Power &. Dam Construction August 1976
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nents which have the greatest infiuence on the costs of the
civil structures.
This would not be possible without adequate and

advanced research programmes, refined and up-tc-date
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technology and improved calculation methods, which
allow the operation of the units under more and more
severe hydraulic conditions, while at the same time
guaranteeing the required reliability. •
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A complete reference list is available from the authors.

TABLE 7.2 Atmospheric Pressure and V.por Preuure Vari.tionB
A tmospheric Preesure

Altitude ha ha Altitude ha ha(ft) (lb/in2) (ft "20) (m) (mm Hg) (m li20)

0 14.70 33.96 0 760.00 10.351500 14.43 33.35 500 715.99 9.7511,000 14.17 32.75 1,000 674.07 9.1801.500 13.92 32.16 1,500 634.16 8.6372,000 13.66 31.57 2,000 596.18 8.1202,500 13.42 31.00 2,500 560.07 7.6283,000 13.17 30.43 3,000 525.75 7.1603,500 12.93 29.88 3,500 493.15 6.7164,000 12.69 29.33 4,000 462.21 6.2954,500 12.46 28.79
5,000 12.23 28.25 Water Vapor Pressure 8roIL [tol
5,500 12.00 27.73
6,000 11.78 27.21 Temp hy Temp hy6,500 11.56 26.70 ('F) (ft) ('e) (m)
7,000 11.34 26.20
7,500 11.12 25.71 40 0.28 5 0.089
8,000 10.91 25.22 50 0.41 10 0.125
8,500 10.71 24.74 60 0.59 15 0.174
9,000 10.50 24.27 70 0.84 20 0.239
9,500 10.30 23.81 80 ~, 25 0.324
10,000 10.10 23.35

aha' atmospheric pressure for altitude, ft (m); hy' vapor pressure of water (use highest expected
ternperature), ft (m); hb = ha - hy' atmospheric pressure minus vapor pressure, ft (m).
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Designing Francis turbines:
trends in tbe last decade

By A. Lugaresi and A. Massa *

ThiSartiele updates "Modern trends in selecting and
designing Francis turbines", by F. de Siervo and F.
de Leva, published in Water Power & Dam

ConstTUction in August 1976. As before, the approach has
been mainly statistical, based on data relating to 120 units
(live of which were small hydro machines) supplied by
manufacturers.

The authors' research covers machines designed after the year
1974, and has been limited only to parameters, such as specitic
speed and cavitation coefficient, that influence the basic
selection ofthe unit. As far as machine sizes are concemed, the
survey only covers the fundamental dimensions that deterrnine
the overall unit size.
The various relationships presented here have been

calculated by linear regression; some simplifications have also
been introduced when this enabled a simpier formula to be
derived without introducing significent errors. The results
obtained, therefore, are accurate enough for preliminary
design and layout purposes, and allow for a comparison of
various options. The relationships presented here can by no
means be considered a substitute for modeis, which are more
accurate from the theoretical point of view. The final selection
of machines should be based on the complete operating
diagram ofthe machine.

Main selection criteria
The authors' research shows that Francis turbines have
continued to widen their range of application. Conventional,
single-stage units, with power outputs from 10to 740 MWand
operating heads ranging from 20 to 730 m, are now feasible.
If multistage units are used, the head range is extended further ..
This increased operating range has been made possible partly
by improvements in manufacturing technologies, but mostly
by the increased capabilities in hydraulic modelling. As a result
of these advances, the main advantages of Francis turbines
(such as low manufacturing costs compared with Pelton and
Kaplan types, and high peak efficiencies) can be maintained
even at the extrernes of the operating range.
The best overall performance is obtained in a narrower

range, however, 40 to 450 m of head being the most
advantageous. Applications outside these limits should be
evaluated carefully, taking into account all the various
parameters involved, such as: cost; hydraulic performances
during steady and transient conditions; sensitivity to erosion
and cavitatiori; effective head; and, operating ranges and their
duration.
High-head units are more sensitive to erosion phenomena,

while low-head machines are susceptible to hydraulic
instability problems. It should alsobe noted that hydraulic
resonance problerns mainly occur in Francis turbines.
When selecting the design head, the rotation speed and the

unit setting, the main aim is to maximize the energy and/or the
dependable power which can be produced at the lowest cost.
At the same time, efficient and reliable operation bas to be
maintained throughout the whole specified range of available
head and flow.

Selection criteria are also affected by local conditions: the
unit setting, to avoid cavitation damage, must also be
influenced by the geological conditions in the area and overall
plant layout. Additional factors tobe considered inthe selection
OEN", lNptUf>MltI. ELC.Ekctr"OCOllSUÜ.y", C/tiGb"", 8. 201SI Milluo. /UJIy.

of the final characteristics are the desired availability of the unit
and estimated maintenance costs.

Specific speed
In accordance with present international practice, the
dimensioned specific speed in the metric system, Nq, is used:

nQO·5
Nq = Hno.75

where Q is in ml/s, H; in mand n in rev/min.
Conversions to the specific speed N. (kW,m) can he obtained
with:

· .. (I)

N. = 3Nq · .. (2)

and convers ion to the dimensionless specific speed W. where
the angular velocity is in rad/s, with the relationship:

W. = 0.001424 Nq · .. (3)

The relationship:
· .. (4)
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resulting from the regression analysis is indicated in Fig. I, and
the regression curve is:

N-~
q - H.O.$12 ... (5)

where the correlation coefficient and the standard deviation are
respectively: r = 0/93 and s = 0.39:

A comparison of this curve with the one for the period
1970-19751 shows an increase in the specific speed at high
heads, and a decrease at low heads.

The simple linear regression method used may be
responsible for a certain bias towards the low heads. However,
it is evident from the examination of the available data that a
conservative selection criterion is normally adopted at the
lowest heads, even considering that in this study more data
were available on low-head plants than in the previous one.

Sorne possible explanations of this circumstance are as
follows:

• Units operating at low heads normally have a relatively wide
head range; if the effective specific speed was too high, the
mechanical design would be more difficult. It is worth noting
that, in this head range, run-of-river plants are usually equipped
with Kaplan units.
• If the specific speed is high, it becomes difficult to guarantee
the hydraulic stability and the runner blade shape needs to be
very complex and therefore difficult to manufacture.
• In the low-head range, machines normally have quite low
outputs and sizes, and therefore they have low costs. As a
result, manufacturers may be less willing to invest in expensive
laboratory research without an adequate return and they are
likely to opt for using existing models, with lower specific
speeds.

The last point is supported by the fact that, while at high
heads there are few available synchronous frequencies, and the
possible specific speeds are limited (which probably accounts
for the scattering of data shown), at low heads it is easy to
ensure fme adjustment of the frequency of rotation with the
desired specific speed.

The scattering shown in the diagram at low heads is thought
to be caused mainly by the units witb outputs lower than
20-30 MW, which are traditionally designed with specific
speeds lower than larger units. The linear regression curve
calculated without including the extreme points does not
substantially differ from the one presented.

I
I
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Cavitation coefficient
According to lEe Standard No. 193A, the cavitation
coefficient can be calculated based on the pressure head at tbe
tailwater surface or at the outlet-of the draft tube.

In the case of conventional layouts with an outdoor
powerhouse, where flow velocity head is almost totally
dissipated at the draft tube outlet, the two methods give
essentially the same results. In the case oflong tailraces under
pressure, or where there is total or partial recovery of the
velocity head in the tailrace, the results are different.

In addition, the reference level for the calculation of the
turbine submergence level, Hh can be set at the turbine runner
outlet, at the guidevane centreline (for vertical units) or at any
other con ven ie nt location.
It is normally considered convenient by the manufacturers

to refer to the runner outlet level and to consider a total recovery
of the outlet velocity head in the draft tube or, alternatively, to
consider the total head at the draft tube outlet.

To simplify the calculation ofthe cavitation coefficient (a)
during the preliminary design of the turbine, the guidevane
centreline has been selected as a reference level, and the
tailwater discharge level has been used. It has been verified that
the scattering of the available points is not reduced, using a
more correct procedure for the calculation of a.

Appropriate corrections to the values obtained using the
formulae presented in this artiele should be introduced in the
following cases:

• when a long tailrace under pressure is provided at the end
of the draft tube with no downstream open surge tank; in such
cases; head losses in the tailrace should be considered when
calculating the Hs. With such a layout, the turbine setting is
usually deterrnined by the waterharnmer transients. Moreover,
the flow at which the head losses are calculated should be that
ofthe unit (s) at minimum guaranteed guidevane opening.
• if the unit is very large, and the operating head range is
small; in such cases the submergence H, can be referred to the
runner outlet.

Including a correction factor for the variation in atmospheric
pressure with the site elevation, the formula that defines the
cavitation coefficient is the following:

a = (10.33 X 0.9(21860) - 0.2383 - Hs)/H •... (6)

The standard convention of negative values of H" when the
wicket gate centreline is below the tailwater level, has been
used.

The tailrace water level elevation considered in the artiele
is the minimum necessary value for reliable operation within
.the specified head range of the plant.

For the purpose of this survey, the manufacturers were
specifically requested to provide this value, regardless ofthe
actual selected one, as this may have been set higher or lower
. for reasons not associated with cavitation prevention.

The resulting regression curve, indicated in Fig. 2, has the
following formula:

a = 0.0245 e(O.Ol$) Nq ... (7)

and the correlation coefficient and standard deviation are:
r = 0.92 and s = 0.60.
When compared with the a curve in the previous article',
almost the same values are found in the region Nq from 50 to
70, while higher values are found outside this area. This is
partIy because of the function adopted in this study, which is
of the exponential type, and it tends towards a constant value
when the specific speed approaches zero; the function adopted
previously, ofthe power type, tends towards zero. This leads
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to remarkable differences in the ultra high-head range.
However, it is believed that, according to the available data,

there is a rea! trend towards a constant va!ueofo. In any case,
units operating under very high heads should be studied
carefully and, even at the preliminary stage, model tests results
should be used.
The scattering of data is not reduced even if some slightly

different parameters are used, or different representations of
o are introduced. Taking account of the effect of the
actua!/theoretical specific speed ratio and/or the flow velocity
head at the draft tube outlet does not substantially alter the data
pattem.
One explanation for the scattering may be the influence of

loca! conditions , such as the plant layout, excavation costs and
the range of the tailrace water levels. In addition, special
requirements set out in the specifications and runner design
constraints may strongly affect the effective o,
It must be stressed that the selection ofthe turbine setting is

also important for the hydraulic stability of the machine itself,
particularly under fullioad.
Model test results from some manufacturers have proved

that, at full head, the amplitude of synchronous pressure
pulsations at runner outlet versus cavitatiori coefficient, 0, at
increasing 0, increases to a maximum va!ue and then decreases
to a saturation value; norma!ly the plant coefficient required
to avoid cavitation is higher than the va!uecorresponding to the
maximum amplitude of pulsations. Therefore an additiona!
increase ofthe coefficient is genera!ly beneficia! in helping to
reduce the pressure pulsations at fullioad.
Obviously a lower setting introduces some disadvantages,

.such as higher civil works costs, possibly higher noise levels,
and a higher required pressure for the compressed air to
dampen pulsations at partia!load; however, in the long term,
these negative factors are usually counterba!anced by smoother
and maintenance-free operation.
An increase of the plant cavitation coefficient, in relation to

the norma! va!ues given here, is in any case recommended
when the turbine is to operate under a very wide head range.
Norma!ly a Francis tubine should be operated between 60 and
125per cent of the best efficiency head. Operatien outside such
limits requires a Iower setting of the unit.

Runner size
The statistica! investigation has been applied only to the runner
discharge diameter D3.
The diameter D3 is ca!culated from the periphera! velocity

coefficient Ku, defined as:
v = n Ds n
nu • (8)

6O(2g Hn)o.$

'·4

.LV+••
.J: ~+

~r'+ I
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The resulting interpolating function, shown in the diagram K,
versus specific speed (Fig. 3), is as follows:

Ku = 0.293 + 0.0081 Nq ... (9)

with r = 0.99 and s = 0.18.
The function is practica!ly the same as indicated in the

previous article', and both have a very high correlation
coefficient. Other runner dirnensions in the previous artiele are
a!so still va!id.
It has been found that, using a power function, the K,

coefficient can a!so be ca!culated, still keeping a high
correlation coefficient. Rearranging this function and
introducing the ratio between the actua! and the tbeoretical
specific speeds, the runner diameter can be calculated directly
from the flow and head.
The resulting function, slightly modified to reduce the error

on large units, is as follows:

. .. (10)

where Nqh theoretica! specific speed, is the va!ue given by the
statistica! curve given above, and Nqais the effective specific
speed. .
Applying the formula above to the available data leads to

relative errors with diameters greater than 4 m, which are
within ±5 per cent; for runners below 4 rn, the errors are within
± 10 per cent, with few exceptions.
Discounting the influence ofthe head, and assuming that the

unit is designed at the theoretica! specific speed, the diameter
can be ca!culated witb the simple formula:

... (11)

Ifthe selected specific speed Nqa does not substantia!ly differ
from the theoretica! one, the errors using the above formula
remain within ±15 per cent.

Speed transients and
runaway speed
IEC Standard No. 41-198 defines various speeds, including the
maximum momentary overspeed and the maximum steady-
state runaway speed.
The influence of the turbine characteristics on frequency

regulation will not be discussed here.
The maximum momentary overspeed and maximum steady-

state runaway speed may have a considerable influence on the
unit design, and in particular on the generator; tbey should
therefore be ca!culated at a preliminary stage, when various
layout options are being considered.
Maximum momentary overspeed can be reached during

sudden load rejection but, as it is defined as "the momentary
overspeed attained under the most unfavourable transient
conditions ••, it can be a!so reached under runaway conditions
incase of simultaneous sudden load rejection of anotber unit(s)
fed by the same penstock.
As Francis units are normally .well protected from full

runaway speed, the need to consider this extreme case should
be eva!uated on the basis of individua! cases.

Ca!culation of water transients is beyend the scope of this
article. Sudden load rejection transients of low specific speed
Francis turbines should be ca!culated by a!so taking into
account that the flow may he controlled by the runner and that
the maximum momentary overspeed, caused by sudden load

• rejections, may be greater than the maximum steady-state
runaway speed.
At high specific speed, the flow is fully controlled by tbe

guidevanes and the maximum momentary pressure and speed
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can be easily adjusted-by modifying the turbine servomotor
control. With the exceptions indicated above, the maximum
steady-state runaway speed is used for the calculation ofthe
maximum peripheral speed ofthe generator rotor. Sometimes
the generator design is conditioned by this speed; this is usually
when a large acceleration constant is required to reduce the
maximum momentary pressure or to improve frequency
regulation. In such a case, and in particular when the turbine
and generator are bid for separately and simultaneously, the
specified maximum value of the runaway speed should be

evaluated carefully to avoid problems in the design of the
turbine (such as specifying a value which is too low) or of the
generator (such as specifying a value which is too high).
The ratio of runaway speed to rotation speed basically

depends on the specific speed, but being strictly related to
energy dissipation, it also depends on the guidevane opening,
on the ratio of maximum head to design head, and on cavitation
conditions. .
Units operating under a wide range of heads, and in

particular units with a high specific speed, do not necessarily
reach maximum runaway speed at maximum head, because at
such a head the guidevane opening may be limited by the
generator capacity . Inany case, it is normally acceptable at the
preliminary design Stage to calculate the maximum runaway
speed considering the factor HMI Hn. •
On the basis ofthe present investigation, the introduetion of

this factor improves the correlation coefficient. The influence
of cavitation has been investigated, but no acceptable
correlationship has been found with the available data.
The resulting interpolating function ofthe ratio of runaway

speed to rated speed, shown in Fig. 4, is:

NrlN = (1.5 + 4.6 NqIlOOO)(HM1Hn)o.422 ... (12)

with r = 0.75 and s = 0.052
The function is similar to the one indicated in the previous
article'.

Other turbine dimensions
The statistical investigation has been limited to the dimensions

shown in Fig. 5.
The missing spiral case

dimensions can be obtained either by
physically drawing the spiral case or
using the formulae given in the
previous article' which are still
valid.
Both the specific speed Nq and

the turbine runner D3 were
considered as independent variables
and it was found, as expected, that
the influence of the specific speed is
appreciable only on the spiral case
dimensions, because ofthe change
in the runner profile, while the best
correlation coefficients for draft
tube dimensions are found when
the influence of Nq is

-.

_ ~. ". . . ,!,achi~~.treline
. (guidevanes)

LD3~
(a,

1-'-'- +._.~~~~~~e~._I ",."_,
p

(b)
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I r = 0.93 and s = 5.71

. : . (18)

I
The flow speed at the draft tube outlet was also investigated

but no satisfactory interpolating function has been found. This
speed mainly depends on the turbine head; Fig. 12 shows the
ratio between the discharge velocity head and the design head
(Vout 2/2gHn), versus the turbine design head. 0

I Acknowledgement
The authors wish to thanJc all the manufacturers mentioned in the Table for
supplying!he main data and dimensions of their machines, and thus making
this study possible.I Reference
1. DE SIERVO, F. AND DE LEVA, F., "Modem trends in selecting and

designing Francis turbines"; Water Power-à Dam Construction, August
1976.I

28

1-75

'i 1·5
11
c '·25'l
:!<
ê
x
'i
11

~

700
design head (Hn)

Water Power & Dam Construction 'November 1987

I



I
I
I HYDRa POWER JAI-MARO

I
I MAIN CHARACTERISTICS

I
I
I

3 turbine, type vertical axis FRANCIS
(+ 1 standby)

Runner diameter outlet

60 m
41. 7 m3/s

22240 kW
300 rpm
570 rpm

2200 m
2096 m
2425 m
0.668 m

I
I

Rated net head
Discharge per turbine
Output on turbine shaft
Synchronous speed
Maximum runaway speed

I
I
I

throat
Wicket gates circle diameter
Height of the distributor

Setting up of distributor centreline

The distributor centreline will be set up at 1.6 metres under the downstream
level corresponding to one unit at full laad under 60 m net head.

I
I
I
I
I
I
I
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