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IliTRODUCTIO:I 

The historJ or ffol"Vl!gian hydro-pover in ':.he zseaning or electricity 

generation, teg!ln or.e hur1dred ;rears ago. The ~irst very small units 

vere estatlished for suppl;rin! elec~ric light, and vere buil':. ar.d utili~eJ 

by private enterprises. 

In the ;rear of lae5 the first pcver-plant vi-;h the rurpose of selling 

electric paver, vas est~blishe1. 

t.lt.hough ':.here vere rev pover-;ilan:s ::onstructed up to the turn of :r.e 

cent..irJ, ::iis period has a par.ic•..Ll.ar place :.::i :;1e ~:orvegian electri

fication hist.:.ry. The constr'lJc':.ion -.~ ':-:; ir:.-;.:. ... -~, pl:in":.s during ::-.is 

pe?'iod •as a:ainly ·..u:dertalten by mir-.i::ig- O! i:;aper:nill compar:ies, and 

!"ormed an important crigin for the rur.:ier 1e•relopn..:::"~ o!" ind:.istry in 

:he .:cur.t!""J. ;esiJe supFlying electr:ci:y to ':.he !"'ctories, t~e sur

rouncling .:c.icmuni t.ies were proviJed vi::. ele::-:.ri:: !.ight. 

~he r:.r3telectricity co~?anies organized 'r.d ovned by aunic:pa!ities, 

grev up from arcand 190C. T~e:r main p\,;?'p<>Se vas domes· :c supply. 

From :c;;c7 ·J;: :-; !1.0o•J: .!.J2'l, se•reral oig !>:1dro p?ver proje-::ts 'Jere ::onst

?'u.;ted !l.nd ;i~: i:!tc 1,;perati1Jn. lll of ':hel!I •Ji:h <;.he ;iur::;:~e ~r supp!;ring 

electric ?O-er to ele-::trome<:.allurgic!l.l !l.nd ele::trochemical :ncus<;.ries 

established c:ose :o :~e ~over ~lants. 

During t~e same period a large nUJ:ber or develop:ient carried out by 

municipalities also ":•>vi': place. 

It is clear that around 19~0 the basis for the indu~trial development 

or the countr1 .,;u founded, and it is obvious that. wat.er-v-·"er h~:i !I. 

central pl~ce in that picture. 

During the perioa ~r"111 19::.0 ap to l~•!i:; (":.he :-.. ,i;::-.r.ir.,T r:f' tr.e :"!-:c~vl 

vorld v'\r), !I. la• f,1! number cir pov"!r-plant.s vere ~or.:;~. r•;-:t ~·!. .~: l or •.i1ese 

vere basically ~persting on limited loc'\l gridi. 
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•a~er-pov~r s~sticns: 

Norvegian ;iater-po•er stations per. J~u~ lst, 1944: 

Generating capacit;.r :;uabe~ Sum gene:-ati::g C:lpadtj· 

'J 100 kW l ... f; 37 . .i !-!W 
l:)G - 5CO kil 27L o:;3. 4 !>(W 

500 - l,OOC k\l ::35 57 .0:: '.-!W 
.. -.r.-. 5,00C kW lltl ""1")7 ~ !-!ll 
.i..,J •'-' 

..:...J1•1 

5,000 - 10,000 kW ;o ..... ,,... ,. 
'.·tw '--C .'l 

:c,Jco - 20,JGO itll :9 2':0_3 ~-tw 
·~.;, JJI) - 50,:00 !tW :€ 472.8 ~~ 
50 ,•JOO - ltii ::.c ~!5. 3 w 

S;,;m 2,CC9 :?, 3Cl !o!J 

We re~~gni=e tja~ a auic.be~ o~ 1,46; sta~ions~ u~ 73 ~ of ~~e :c~a: 
number, had a eenerati::s ~apar:1 t;," of' le.:;s t:har~ l -,(. k';;. :!cvF.:ver, ~ne

:.otal outpu~ from !.hese : , ~.,5 3 s~a.tions ·•as 0:-11;1 l. .-:; ~ ~'f' ~r.e :.otal 

gene~a:ir.g capacity. 

After 1945 a too~ resarding deve:opme~. 0! :arg~ plants ::ta!"".~d. 
COU.'ltryvide dev<?lopme::t u! a hiish ·rc.l':.age transc:i:..;::on line s:rs:.~m 
began, and suc~essively ~r..e :::iall loca: ~u•"rs:.1:.:·)n;; :Oecame t:>o 

expensive and '.lllreEable t.:i lte~p i:: :i:peraticn c:>mpared to t::~ .>afe 

and abundant supply from tte nev big system. ~.est -:J! the smal:. power

stations ve!"e therefore cl0sed, or the~ vere incl~ded in tr.e deve:~~
ment of bigger schemes. 

In the next table the stati-"tic3 over vater-pover statior.s pe!". 

January lst, 1979 are snovn: 
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Norwegian •a~er-pover stations per. Janua.-y lst, 1979: 

Ge:ierating capacity luzz:ber Sum generating capac:it.:r 

c - l l<ftl ca. 2~C ca. 75 MW 
l - 10 MW 195 730 MW 

1() - 20 ~ <;7 a9a ~ ' ' 
20 - ;o !4W as 2,717 MW 

50 - 100 M"J ~~ 2,942 MW 

100 - MW 52 10,171 MW 

Sum t:n 17,541 !l<IW" 

It :.s !"eP.n that out or 1,818 stations \Ii.th a capacity less than l :"lo/ 

1n 1944, cnly 250 are s~ill in ~eparate operation. 

Up to 1976 little atte:iticn h!lS ~ee~ paic to the 51118.ll ar.its ~r 

hydro-pover potentials, mait:ly tecause of an abundant supply of .:heap 

e!e~trici~y. However, as development of nev large schemes are ~acing 

a graving resistance from groups of people and vario":JS organizations, 

it has becocie :nore and more difficult to find new sche:iies for providing 

3uff:.cient electricity. Therefore ~he slL8.ll potentie.ls are again in 

fo-:uz, and at fre~~nt a ~ountry-.ride investi~a~ion is gcing on 

fer ::-egistration of the small :1,,vdro-pover potentials. llit.hin 1979 a 

retistration of about 500 pover-!llants, ranging between 300 kll and 

lC ,000 kll will be completed. The total energJ output !'rem these plants 

is expected to amount to app::-oximately 5 'l'Wh mean &.'Ulual production, which 

is 6 ~ of the hydro-electric potential already developed in the country. 

A number of the small old stations, which have been closed some 

20-30 years ago, are included in this investig>!tion. However, a ~reat 

number of th.? very smallest, potentials less than 300 ltW, will be investi

gated and registered later on. 

The cost li"llit f~r economic feasible pover-plants is assessed to an 

invest:nent of o.40 US$ per. kt.'h annual producti~n (cost level 1979, 
interest 7 % p.a., ecor.omic life 40 years). 

----
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A :l,.;-.;i:·:.:ati :r. ir. strict tel'llls of sma2.l s':.a':.icns ·rersus m.edi-:m and 

big staticns, :s r:i::te!" ii!ti:U:t. There seea;; t: !:le onl] onf: !·,gi.:al 

term l:~ita:ion; t~e ca~acity of star..dardized ;mits ~r.ich are osr.u

factared toda]. l'his ii:illt is approximate!.y 10 H\I_ ':here is no lover 

li:11it. 

7o make as :11any as possible of the small pover statior.s eccnom.ical.::.y 

fea~ible, is it necessar;, to emphasise the imp<r":ance of standardized 

e1uip11ent :i~d economic design, constru.:tior. and operatior.. !te :arge 

number of stations ~nich ~y te built, aiake a com.prehensi~e ;;:a.~.iarii

za:iun possib:e. 

In 1173, o::ie :lorJegiar. ele:'::-i :i :.y suppl7 syste!ll -.-as organized in '; ~5 

.>e;:u-ste units. Sf tnese ~its ;~7 ·.rere responsibie !'or iis:r:~·-:::-~. i:· 

e.:.ec·.ri.: £1'="-'er to iOC1esti: c-:.r.sumers. :~st or them· vero: ·:\r.'.e'i ::- i.ne 

ci:;ia.2.ities or by tile counties. Amcng these units a:ost of the scall 

r..;rdr::-pover ievelopcent is expectei to take place. 

Almost 30 ~ of t~f: pover produc:.ion comes !:-~m stations owned by tne 

Stat~ ?o ... er Sys-::ert, •Jl:ic:i is a directcrate under the :lorJegi~n ·.oater 

?esources sni Eleco:ricit7 Bo'U"d 'Y'.'E). !his -Ere::~r~te :~ ?:ann:r.g, 

nec~ssary !"·~c~ ioi::.i !or ~he.le- pur,:oses. 7he State ?cv«?r £y:;7.em :. s ::-:. ~-

:i:a.::.::.y e!'lg:i0ed ·.rio:r. :!'le bi~est po·.rer-plar.ts and :.ransmis3i·:r. :'..i:ies, 

~r.i is theref~re J~ less interest regsrdir.g t~e smal::. pcve:--r:ar.:;;. 

7he sma:i ;;ouri:es ~f h7dr~-p~ver, sr.ould be c~nsiderei as 'lll7 o:~er 

source of av&.i.La':: :e energJ. At ·.rr.i :!". t i!lll! :::e va.ricus s:na.:l so·~rce3 

~o :~e ~~s:s c~ ~~~er ~vai~atle ~nerg:r sources. 

::-.e 1.eveloi;:men~ i:0s::; for smal: hJd:-o-pcver plants ir. Nor.ray pro-.-'?~ : ~ 

~ange ~r()m a::,out. ~.2J ·;s S perr.·.-;:., 11? tc :he limit;. o~ e~cncni:- ~~asit:~ 

po·.rer, ;n'1 e•1e:i :1igr.er. ~:iis indi.:ate:; that t:.e 1e•1ei..opmer.t "lf ·.:-.e 

:~.eapes~ re:io'.1rces ·.::i:g!l".. to be :;t.llrted as soon as P"ssil:le, ·,mi:e :::e 

:ir.re expen:;ive er.I!~ ;:robacl:r ::ic1;ld be 1evelo;,ed .,,ir.r.in :0 ]ears or E~. 
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!fove·rer, )ne factor shouli be .&lten i!lto acc-;u.'lt ir: this regar1; ·.:-:~ 

~::::a:l p:ants sre c!ter. locate1 ~ea:-r th~ ~r:sumer3 tnan the ::g ?l&nt3 

are. snd :>hcul 1 therefore be &i ven scm~ eccn::ieic cre·h ·.;; iJe:ause :>! re

d~ce1 transaission co~ts a&d los3es. 

The af!"icial pol::7 in ~orvegian electricity s~rply is, that the excisti::ig 

electr:::ty instit~:ions ~~al: cperate :r.eir ~vr. existing pover syste: 

as tl:ey ic i': nov, either direc.tly or in joint .:c-o:-erst:onvith other 

electricity com~ies. FurtnerDOre, they o~ht to have responsibility 

!or tt:e developmer:t ')f tl:e s~ ller vater-~er s:-•1r :es vhich are spread 

around :he cou.'ltry. ncvever, to promote a a:ore erricient electricity 

3Upply, the pclicy is to vork ~or 3 :or.eentrstior. ~f the s .. llest :.ir.its 

in :ompanies co~prising a county, or ir cer:a:r: circu:aatances lllllke 

thi3 iiffic~:t, 2-~ units in a C')ur.ty. 

For organizing tt.e develo!'llllent o! sll&ller ;,ater-pover schemes, : .. 11) 

mode:s seem interesting. 

- :'!".e ::ow:t:;· ( ?r another ::igger ·mi ti is responsibl.e for planr.:ng, !i n11.n

cir.g snd :-:::structi-:-r:, ar.d :~ ~.:.;:: :n~ :,,.--:-.er :I°: .. "! ~lu.t. ::.e :.Jc9.l 

c:·..::i;!;a::::r i.; li·.ren ::: .. re:f·::.~i:.:.:i':.7 r:r r-.u:r.ir:c ar.d :iain:~r:iir::e 
,:;· ·.:.e : .. ::.:;! :'.'\: ~r~:pmer.t. 

po.rer t:-rcd.u:tion co-operation. 

Bott: ~cde~5 ai~, ss far as pcssitle, :o ma~r.tair. a decentralized 

ele:~r:::-:.y ;:-!ani!ation 3Y3':.ec ;,ith ur.it3 big en~ugh to pr~mcte s 

3trong ~ccnca;y and '" e!f~cif'r.t •..1-:ili:atit)n ?!' the energ,· reso•...r:c·:.. 

As the :lm&E va·.er-pr,v(·r ;:l:lr.:s are regarded :u sn integrated par.. or -:h~ 

total 37stem, sny spr.cial !'inancia.:. •rn.ngecent ~&3 not teen propr:~e.!. 
:'he pcs:;i ui:~ ty o !' gi ·.ring some econol?'i-: su;:por: ~or pr-:imot.i r.g ;:laMing, 
except~d. 

:hei:- J·,,;n p.:..'lr.~.;, ':l!C&US~ ':.hey '..lSUal:J h&•ll! tile possit.ilit] O( buying 

::iuch ·:·.':'l; .,:- electric i ':.y from the ~:-oJs s~ppliers, for exaat:-l e the c".lur.•y. 

1 ~he electricit;r price ir. ~Ion.ray has oeen icept cons~derably lover tr.an 
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the cost of developing :.ev p<'Vcr, ce.':.lsed by ':he great n::mber of old 

depreciated vater-pover plants:. ~he financia.l policy makes it :ieces

S&rf vith ur.its big enougn ':~ ::1.e.na.ge ':his financiei problec. 

From the out ... ine abo"·e, it shotL.Ld be ·;uite c:ear ':i:&': th·:? el"ctrici ':y 

from t~e S!D&ll pover-plar.ts crdinarily vill be in':ermixe~ #ith tte 

pover f:oating in the mai~ grid. 1nly in particular cases, as for 

example i~ especia.lly re:i:ote !Orea.:; of t.he -:c·~trf, the pover ...-il: ::e 

produced for a li~ited grid. It also seems :o be of li:llitec impcrtance 

to keep the small po•er-pl~nt~ as a reserve in case soce parts of the 

mai:1 sys-:em shcu..ld !:ave a '::!"ee.lt1o'lll1. :'his vill re~·.ii::-e :nore expe::si ve 

~quip:ieot, and is ccnseq':.lentl:r a ~u~;ticn of econoc,y. 

The articles in tC:i.; paper intend ':;o give an out.line cf :no•iem Ycr..-egian 

':echnclogy regarding iesign and developcent of small scale hydroelectric 

po...-erplants. 
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SHALL SCALE HYDRO POWER-PLANTS 
- Development of iocal industry 
- Cantrall and maintenance of the hydraulic equipment in hydro power-plants 
- Sma 11 sized ltydro power turbines 
- Technical evolution and standardizing. 

by ~- Mjollner. Director and general manager 

--------------~---------------------------------------------

DEVELOPMLNT OF LOCAL INDUSTRY 

Hydro power development may ent4iJ significant contribution to local industry, 
primarily the civil works. However, through cooperation between contractor 
and local industry, productio~ of small hydr~ turbines may also contribute to 
increased loca 1 activities. 

The assllllptions are as follows: 

There must be a !>.!sis for development of a mechanical workshop milieu. 
Primarily. the work will consist of plate construction and welding operations, 
producing relatively uncomplicated parts as Jraft tubes. draft t~be gates, 
fundament casings, supply machinery like trash racks and si~~lified gate 
constructions. 

The material used in these constructions will be mild steel which is easy to 
weld. For low head plants, the production will also comprise pen5tocks, ex
pansion boxes, manholes and turbine casings. 

Today, most turbine parts consist of welded constructions. Consequently, 
turbine covers, guide vanes, guide vane anns and cha1ns can be produced 
locally. However. demands for quality are :nore stringent when it comes to 
production of the vital turbine parts, espe:ially for turbines which are 
intended for high h~ad plants. Th1s will often require use of non-destructive 
material inspection, i.e. liquid penetrant inspe~tion, magnetic particle in
spection, ultrasonic and X-ray inspectio~. and, of course, heat treatment 
facilities. 

Further. it w~uld require a machine workshop equipped with the most co111110n 
machine tool~ in order to machine flanges. drill holes etc. Local production 
of turbine c;linders, distributors etc. requires precision tools in order to 
obtain sati~factory quality. 

Assembley and fitti:1q together of the products require a mounting shop, in 
which locally produced parts and parts produced by th,. contractor are fitted 
together, adjusted and exposed to pressure and functibn tests. 

The POS$ibiiity of training personnel for the various spheres will represent 
an important precondition. Training, rrimarily at the contractor's, is ass1111ed 
to be both expedient and necessary. On the other hand, the contracto: wi 11 need 
to have guarantees that delivery dates and quality requirements are met. FrOlll 
a contractor's point of view, this w111 often represent one of th~ main ele
ments of risks. The problem may be solved if the customer is willing to share 
the risks to some extent. in order to pf"OlllOte local production. 

Alternctives for developm~nt of local industry can be described as follows: 

Contractor establishes a subsidiary in the topic area. 

Contractor coop~rates with an existing company, which will act as 
~ub-contractor for specified products and services, or bd>ed on a 
joint-venture agreement. 

Contractor enters into licence agreement w1th an existing company. 

' 
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It would take too long to describe these alternatives in detail. but tt is 
obvious that exploitation of hydro power. through rational cooperation be
tween cu~toller, local authorities and contr1ctor. would represent stgntftcant 
opportun1~tes for transfer of new technologies ind fncreased eniployment fn 
the area 1.1volved. 

CONTROL AND MAl"TENANCE Of THE HYDRAULIC EQUIPMENT IN HYDRO POwfR STATIONS 

1. JNTROllJCTION 

The daily or routine 111intenance of the equipment fs usually descrfbed 
in the supplier's operating 1nd maintenance instructions. 

This will. however. in .any cases .. ke an insufficient basis for the 
long tena preventive •tntenance, which is due to •ny cfrc .. stances 
but espesially the f1ct that the operatfng condftions vary considerably 
from place to place. The purity of the water. physfcally \foreign 
.aterfal like sand and other solid substances) 1s well as che11ic1lly 
{degree of acfdity, contents of chellfcal pollution. etc.) wfll be of 
vital 111pOrtance when deciding how to pl1n the •intenance of the 
equipment. 

The object of the 111inten1nce will be fn two parts: 

Main object ts continufty of operation, which 11e1ns that the pl1nt 
wfll not be exposed to unintentional standstill because of breakages 

Water ecoR0111y, t.e. opti .. 1 uttltzation of the energy supplied to 
the turbine, is of vttal f11pOrtance where water resources ts 1 
•inf.,. factor. By 11e1surfng of old plants, ft has been proved 
that the efffciency of the turbine deteriorates wtth time, the 
degree of deteriora~ion depending upon llOde of operation, con
struction and lllOUnt of •intenance perforllled. 

SOiie of the llOSt tiaport.nt factors reducing conttnutty of operation 
and efficfency are htghltghted below. 

Z. CORROSION 

Firstly, corrosion wtll lead to perforation of the ... tertal. thereby 
causing leakages. Outside the statfon, this wf 11 not cause fnnedfate 
.. j~r d.-.ges. Inside the plant, however, even small leakages 1111y 
cause 111jor d ... ges by exposfng the electric control equipment and 
.. ybe ~he generator to direct .. ter spurt. Jn casts when the operattng 
11eehlnf511 of the shut-off valve is operated by water pressure fro11 the 
penstoc~. special attention 11Ust be drawn to the pressure tubes fn 
these control syst .. s and also to the bypass line. When new, these 
tubes art dt11ensioned tn the s- .. , as the •in penstock, but 
because of 111111 dil9!ter, the •terial is cor.siaerably thinner, and 
tht fnterfor corrosion develops Just as quickly here as fn the 111in 
penstock, provided approxf•te equal .. ttri1l qu1ltty. Usu1lly, such 
111ka9es will bl discovered at an early stage. Real danger will arise 
when the corrosion has been pe,..itttd to develop so evenly 1nd to such 
an extent that the r11111ining •terial will not hive the necessary 
strength. By increase of pressure during load rtJtction, thfs 111y result 
fn sudden fracture, which prf•rfly e1us11 large water leakage and 
seconi.:tarfly 111y tntafl unabfl fty to stop the •chine when the water 
for the operating .,ehanfSll fatls. 



Our experience is that most of the da111c1ges relate from corrosion on 
vital bracket joints. which may not be so easy to inspect. but 
which may result ir. considerable damages. For instance. it frequently 
happens that stay and screw joints in tt.e tra~h racks corrode. so th~t part 
of the trash rack are transported into the turbine. 

Hydro power olants have an extraordinarily Jong span of life. and 
therefore. the problems in this field will undoubtedly increase 
considerabiy. also because of the fact that during the later years the 
materials have been utilized to a much higher ext~nt than before. Special 
attention is required with regard to the gate constructions. which are 
of vital i~portance to the continuity of operation and which are ofta.n 
inaccessible for inspection and maintenance. 

Moreover. valves. control devic~s. air inlet valves. etc. which are 
seldom in use. will be affected, bec~use they rnay corrode so much that 
they cannot be operated. In many cases. it will consequently be impossible 
to make these components function when necessary. resulting in considerable 
interruptions of operation at the plant. This can be illustrated as 
follows: In many cases the penstock is provided with an e111ergency butterfly 
valve and an air inlet valve. If the air inlet valve has rusted in. 
draining of the penstrck will resu?' in COllplete COlllpression. 

Corrosion fatigue is another frequent phenomenon. This especially concerns 
the part of the turbine shaft in horizontal turbines e~posed to water. i.e. 
in sharp transitions as keyways etc. 

The stress level in such components is set low. and theoretically it is 
unlikely that fatigue will ~ccur. But it is also known that when an 
horizontal shaft is exposed to corrosive surroundings, the danger 
of fatigue fracture will increase. This is among other things due to the 
fact that the surface develops corrosive holes where the stress level 
increases compared to the conditions existing when the shaft surface was 
not corroded. 

As regards reduction of efficiency, the corrosion knots that nonnally 
develop in the water· exposed areas of a hydro power plant where the 
material is of ordinary mild steel, will be of considerable iaaportance. 
This applies to the totdl water way. inlet gates, trash rick, penstock, shut 
off valve, turbine and outlet. Jn Francis turbines, the spiral casing and 
stayring. distributor and runner are often very much corroded. To some 
extent, >tainless .. terial is being used fn runner. gufde vane~ and the 
interior surfaces of the turbine cover. This increases the Initial cost, but 
will prove profitable in the Jong run because of c:>n;;fderable reduction of 
nudntenance costs as well as maintaining high efflci1mcy. 

3. EROSION 

Erosion may often represent danger to the continuity of Op.!ration 
equalling those arising from corrosion. Consfderable d ... ges are often 
caused by sand In the water. In high-head plants wfth htgh water 
velocity eroston attacks may often be consfderable. However, low head 
planta are also vulnerable. Jn horizontal Francts turbines we have seen 
that the shaft sealing bracket has eroded to such an txtent that ft 
broke and the plant was inundated. Usually, tt will, however, sta•·t 
with a minor leakage. Erosion may result tn vftal bracket Jotnts be1ng 
destructed. 

Eroston in the turbine dfrtrfbutor will hfgh·y affect the conttnufty of 
operation. Major leakage fn the dfstrfbutor because of •br1ston .. , 
result fn difftculties wtth regard to r~oetuctng the r~volut1ons per 
minute sufficiently when the distributor ts shut off, which tn turn 
result in probl111s wtth regard to p1rallelltng tnto the grtd. 
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Leakage in the di~tributor may, ln extreme cases, result in problems 
whe:n operc:ting o; the shut-off valve is needed. [f th:! plant is equipped 
with sluice valve, this will prove difficu1t to open, since the bypass 
valve will be unable to provide sufficient water .Jn the downstream side 
of the main valve in order to obtain the correct pressure there. 

Thereby, tne friction power of the sluice ~ill outstrengthen the 
the ~ower of the servomotor. This will not apply to the spheri~al 
valves, but aut1.1matic operation is dependent upon a cer~ain amount 
of pr~ssure downstream the valve in order to r.::ke the main control 
valve function. Slide valves usually have oil hydraul 1cs for openi~g 
and Jrop wei~ht for closing, making the prcblems less prominent, ~ut 
major leakage in the distriLu~or may causP difficulties. 

4. CAVlTATION 

As «ill be kn~wn, cavitat·on occurs in cases when, locally in the 
turbine, the Wdter velocity is so high that the pressure decreases 
beiow the steam pressure, ueveloping steam bubbles which in turn 
dre condensed when they reach a zone with higher pressure. ln this 
ZO;'!e there 11ill be fatigue of material, ana the material will be 
des true tee. 

Cav1tatic;'l damages whicn lre allowed to develop will result in inter
ruptions of operation. This especially ccncern runner and draft tube. 
There are examples on how Francis .·unners ha11e had so large ca11itdtion 
ar.d corrosion damages that the runner ring loosened Juring operation, 
resulting in major damages. Our ordinary experience is, howev~r. that 
cavitation dam~ges may develop to a large extent before resulting in 
real major attenuatio11 of continuity of ope·ation. 

It should also be noticed that there are r.any reasons for Clvitation. 
The hydraulic design of the machinl i~ of vital importance, but there 
are examples illustrating that local corrosion and erosion dama9es 
~.ave changed the geometrical shape of the ;unner b 1 a des, which there
after havp beer. exposed to cavitation damages. 

5. MECHANICAL ~BRASION 

Most parts having a relative movement are e~posed.to mechanic~! abrasion. 
This especially concerns the bearin~s. and it is importar.t to use correct 
type of oil. There are many reasons for bearing failure. It is frequently 
caused by foreign particles and dirt in the bearings. It may be ~iscussed 
how often the bearings ought to be dismantled and cleaned, but we have 
iearned that at many plants this is done too seldom. Depending upon 
conditions of operat.illn and type of bearing, we usually reco11111end dis-
m .... 1tl 1ng and cleaning at 4 year interval Is. It is very conrnon only to 
r"new the oil, which of course must be done, but a great amount of the 
bearing failures that we have seen could ha11e been avoided through 
dismantling and cleaning at an earlier stage, because the lubricating 
channels which are necessary in order to obtain suff'cient oil : ilm 1r. 
the ~lide bearings, are slowly DeinJ clogged by ~irt. Inevitably thi5 
re'.;u) t'.; in bredk 1ng of the film, t111d tne bearing wi 11 have a 11ery qu 1ck 
rise of temperature. It is, however, a "' ~t that th1rcugt. clean! i11es., 
lS shuwn while cleaning the bearings. For i~stance, traverse crdnes dre 
orten used, resulting in particles sifting ~own on the bearing dur1n1 
assembley. 

I 
l 
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It is of vital importance that the cooling water system for bearings 
with water cooling is always intact. When cooling pipes are used, t~ese 
are seldom clogged because the water is filtered (percclated~. bu~ 1n 
old bearings there are frequently water leakages 1n the cool1ng p1pes, 
resulting in bearing failure. 

For instance, when the pen~tock is equipped with an ~rgency closin1 
butterfly valve, the result. of an a·'r inlet valve failure because of 
corrosion when draining the pP.nstock Rill result in breakdown of the 
pens tock. 

This can be illusi:rated as follows: Draining of the penstock will require 
use of an emergency closing butterfly valve as well as the air inlet valve 
If the air inlet valve canr.ot move because of corrosion, this will r~sult 
of complete compression of the penstock • 

• 



~MALL SIZED HYOKO POWEil TUR!WIE~ 
TECHNICAL EVOLUilON AND 5TANOAROIZ!NG 

Most suppli~rs of hydro turbints were in fact estabiished last c~ntury. To 
begin with, :hey produced small-sized turbines, which gradually developed 
into the large units produced to1ay for outputs up to several hundred MW per 
unit. This increase of size was p~imarily a result of a growing demand for 
low cost electricity to consumers. This is made possible through the large 
water power plants. Ther~fore, the demand for small-size~ units has been 
~inimal during the last 20 years, and conseq~ently, the technical evolution 
in this field stagnated. 

However, shortage of energy has now made the small-sized units an 
intere$:ing alternative, provided that they are able to compete successfully 
witn other forins of energy, such as oil, coal, nuclear powe~ etc. Redevelopment 
has, however, been necessary. It is neither sufficient nor possible just to 
down-scale the dimensions of a large turbine. This would result in hign-priced 
and inappropriate solutions. By analysing the cost-affecting factors, it has 
been found necessary to: 

Reconsider mode of operation 
Simplify and standardize t~e design 
Use standardiLed components 

The most ~QTITIOn types of turbines are the Francis, Pelton, Kaplan and tubular 
t•Jrbines. The Kaplan turbine and the tubular turbine are suitable for low 
heads and heavy discharge, while the Pelton turbine 1s used for high heads 
and relat1vely modest discharge. rhe area inbetween is covered by the Francis 
alternatives. The abovementioned types are all well s~ited for simplified 
~ode of operation as described below: 

~onstant water fJr,.,,~t.~IJut tnrough turb1 .. ,, 

In CJS~S of parallel I operat10n of power stations wner~ other units Keep a 
constant frequency, tne turbin~ cJn be designed with fixed guiding apoarat~s. 
ind dlso f1•ed runner vanes on tne Kaplan and tubular version. The unit is 
re1ulated only b1 the main ~alve 1n front of tne turbine. This 1s also used 
for parallelling to the grid. After parallell1ng, the valve will be in open 
position. It is impossible to operate on partial load. tiowever, it is to 
some extent possible to regulate a variable waterflow if the power plant is 
provided with an intake reservoir of adequate capacity and the pond level 
is allowed to vary between cer~~in limits. The turbine is operated for a 
certain period of time on full-load, while the water level falls until it 
reaches a dF·~nnined level, at which time the machine will stop. When the 
maximum lev~. is resumed, the machine will start. This cyclus can be au:omized. 
Thus you will save the costs for adjustable 9uide apparatus, frequency 
governot and supplementary flywheel effect. Compared to a conventional turbine, 
the savings will represe~t approximately 25-30;, depending on the type of 
turbine involved. 

Vari~ble discharge/output through turbine 

If it is required to adjust the water flow through th~ turbine, it must be 
equipped with adjustable guiding apparatus, which is controlled by a simple 
oil-hydraulic unit. This is suitable for control of intake reservoir and 
remote load control. It will reduce the costs for frequency governor as well 
as supplementary flywheel effect. In some cases it will also eli•in~te the 
costs of safety valve and surge chamber. 
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This presuppos~s t:1:1ploymerit w1th10 a lar·;e ':Jrld ~ystem. Further, it r:iust be 
ascertained that there will not be an unacceptable pressure rise as a result of 
tne fact tha~ this simpl1f1cation (low flywneel effect) in most cases will 
entail runaway sµ~ed of tt1e turbine at loa;J reJection. When this alternative 
is suitable, it will represerit d cost redult1on 1f 10-ZQ; CO'.ajlared to a 
conventional turbine. 

Var1aole power take-off fr0m generator 

When operating either periodically or c0ntin~ally on a separate network, the 
stability of the system must be ccnsidered. As a minimum the t~rbine will have 
to b~ equipped with a frequency governor of electro-hydraulic or mechanical
hydraul ic construction. Considering the amount of maintenance invol·;ec, the 
mechanical-hydraulic type will often be preferred, but this is also very much 
dependent upon the competerice level of the s:aff responsible for operation 
and maintenance of tnc equipment. 

Usually, it is necessary to have more supplt:111entar1 flywheel effect than what 
is built in bf natural means in generator and turbine runner. Pelton turbines 
will normally require water jet deflector. Francis turbines will sometimes 
require pressure relief valve. Kaplan/tubular turbines will require ad1ustable 
runner blades and guide vanes in order to obtain maximum efficienc1 for a 
large load range and capability to perform with staoility on a separate net. 

The above three alternatives have in c011111on tne requirement for ~in1mum 
inspection ana maintenance. Conseo•Jently, the turbines are equi;.iped lfith 
control and safety devices resulting in automatic stop in the e•ent of the 
more ordinary failures. rlowever, the equipment 1s not as cor.iprerensive as 
it will have ta be for a large unit wnere failure consequences will be mucn 
more calamitous. (Such units are therefore equ1ppeo witn a much larger number 
of control devices;. F:Jrther, the :Jnlts ue normally equipped only for 11dnual 
start, aec3u5e the neces~ar1 incillJry equ.;Jlllent for cne automatic start 
procedure wi 11 rt:ires.-.,~ ,i con::; l•ler.ible 10.:rease in price. 

In order :o rn1n1m1ie ~osts it ~ds been necessJr1 to ~impl1f) tne jes1gn 
as much as technical It possible without reauc1ng tne demar.ds for safett of 
operation ana maximum output. It w~s particular1ly necess~ry to use 
welaea details instead of cast details. Tod~t's welding technolo~y and rdnge 
of ~aterial ttypes have strongly contributed to reducing the productiun costs. 
It is essential that choice of material quality is made from a maintenance 
point of view. On a long term basis, it may prove extreme!:.- profitable to l;Se 
stainless steel 1n some of the vulnerable elements of the construction, even 
if this will incr• ase the ~nitial costs. Most of the smal'l-sized turbines 
are designed with horizont.Jl shaft. Today, we do not have turbine shaft or 
bearing for thes~ turbines, see figure 1 and 2. 

The runner is mounted directly on to the genera,or shaft by means of a 
shrinkage Joint by the oil pressure method. This simplifies the dismantling 
and erection, shaft keyways are avoided, thereby reducing the danger of 
fatigue fractures in the shaft. Hcwever, the axial fo~ces of the turbine will 
have to be absorbed by one of the generator bearings. On the other hand, the 
unit will have only two bearings. Further, the shaft sealing box is 
designed so that it does not touch the shaft. Previous grease-lubricated 
bearings and bushin9s are today replaced by self-lubricated bushings. If 
addition41 flywheel effect is required, a flywheel is mounted on the generator 
shaft on the opposite side of the generator. 

It is further necessary to standardize as much as possible in order to 
minimize the costs. There are, however, so 111any factors to be :onsidered when 
designing hydro turbl~es that only a certain extent of standardization can 
be obtained. Apart from head and discharge, r~volutions per minute and suction 
head (for Francis and Kaplan/tubular turbines) will be e$senttal for the 
applicability of a given turbine design for various comblnat ons of head and 

I 
' 



, 

,l 

- 11 -

discharges. For one thing, the output will be considerably reduced if a 
turbine designed for a specific comb~nation is Jperated under other conditions. 

For units less thcln l 1111 and where the Francis turbine is a suitable 
alternative, we have designed S standardized vtrsions as shown in the 
head-flow diagram, see fig. 3 and~- It will be necessary to change the 
revolutions per minute if one standard t~rbine will be useo for various 
combinations of head and discharge. 

Regarding turbines with outputs up to 10 MW, we have ~repared a standard 
arrangement for the constructions in order to reduce the engineering work 
and thereby the costs, with<..ut reducing the demand for maximum output for 
the plant in question. For instance, data for output, revolutions per minute, 
runner diameter and suction head have been systematized in the he~d-flow 
diagrams. 

From these diagrams, the main dimensions of a turbine for the desired com
binat1on of head and discharge can easily be found, since all main data 
are stipulated as a function of the runner's discharge diameter. This will 
primarily reduce the pre-feasibility work. 

Extensive use of mass produced c0111pOnents is also a cost reducing fact~r. 
This will primarily apply to the control system elements. The use of such 
elements, however, requires previous evaluation and testing. It is of vital 
importance to ascertain that the often prevailing disadva~tageous surroundings 
(h1J11idity, vibrations, pressure oscillations etc.) will not destroy the 
functional characteristics of such elements. 

Finally, I w~uld like to stress the importance of standardizing the purchase 
specifications for small-sized hydro units. Large units will nonnally require 
detailed specifications. 

Detailed specifications for Sllilll-sized plants will often make it impossible 
for the suppliers to offer their standard versions. Studying of such speci
fications and trying to adapt the standard versions thbt are developed will 
also oe time-cons1J11ing and expensive, re~ulting in an unintentionally high
priccd solution. 
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FRA.K IS TURB I iiE 
UUTPUr: 1000 K~ 
sr'~tD: lOuU R.P.M. 
1tETHtAU; 14~ M 

NEW TU RB rnE m OLD 
HYDRO POPIER PLAIH . 

FRANCIS. 
OUTPUT: 1900 KW 
SPEED : 500 R.P.M. 
HET HEAD:37 H 
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APPLICATI01~ AREA Sr1ALL SCALE HYDRO TURBIHES 

APPLICATiu.l AR£A, FRA1KIS TURBli~ES, 
TYPE FS A,rn FC. 
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ELEC:RlCAL El)t:!i:''ff.S7 :cR S~.ALi.. SCALE !:Y'1R" <>.;i.r.P.-PL\~IS -

- The Generator 
- s~itchgear and ~oncn•: ~vstem 

by ;. Bergseng, ~.s~. El~~- Eng. 
Sales !liar.ager 
Energy production 3nd Distribution 

s•1ch a ?o·.,er p::int 7r ··:-iinc that a .: :-:c: - : .. 1 ~v ~-..n::!\r;ono~s 

'l'"nerators - is at hand. 

T:i~re \vLl! Oe 0..:ca.•1.or.a '<lfhe:ce ;.t 1s Of!'st-ra~it9 t:J :-::~i.~!ai.:i. o~~ =-~t10n 

·}: su.:h a r>ia.n~ 'nth~ ats~nc~ :l! tht9' t,?:"'u! - ~ :- :·_ - SU??~·: t.J .t srna:: 

Simpl1c ;t·1 

L1rr.1ted cue ~i component• 

Standardi La:1on 

t:nmanned operation 

~1anual starting up 

'30th •ynchr"lnous and ind•Jction mo.chin,.s hav .. th.-cr advantal!"' 

ar.d drawback• in •mall •ca le pow tr planu. T!-i.- 1vn(hrono'.ls 

generator cover• all type• : ope~ation whil•t t~P :ndu.:tinn 

generator with 1quirre! cag .. rotor mu1t be cr.nn.-cted to'· grid 

fed by 1ynchror:..iu1 g .. n,.rator1. Th11 i1 due to th,. !ac~ that it 

mu.i draw iU magn .. tizin11 c•.irr,.nt i~om th,. i;::-id. 

r,.~ulation 1• not ?O•lli'>l,.. 

1 



T:1e induction generator acts as a reactive load on the grid and 

part of the magnetizing current o{ th..- generator :nust be com

pensated by means of a condensor battery. 

Complete magn,.tization of a.n induction generator 'l•rith a 

condenso:- battery i:! conceiva!>le. Single opt ration - in any 

ca!le. with constant output - is thus ;>ossible. 

is a theoretical aspect. 

However. this 

A summary o{ possibilities for the use of synchronous or induction 

generators is ~iven in Fig. L 

Due to costs and delive:-y time. the gene:-ators must be 1.a!<en from 

standardized machine s"'ries. This implies that. in the case of 

~h~ induction s;:enerator. it would be taken Crom the industrial 

motor series and, in that of the synchronou!'I generator. from the 

generator series for comb:ution motors. 

Demands on a generator in a hydro power plan• di!!er !rom those 

in a diesel power plant or on a motor in an industrial plant. 

Modificatbn• are, therl"fore. necessary. This a pp lie•, in the 

first instance, to strain on bearings. strain in connection witr 

runaway speed a• well as control of critical speed. 

Synchronous generators are delivered as brushle•• generator•. 

They are fitted with AC magnetizing machine and rotating diodes. 

The voltage regulator is situated on top of the generator. The 

latter is also equipped with the nece••ary measuring trans!ormers 

for the regulat..>r. The generator with magnetizing and regulating 

system i• thu• a package delivery. 

The voltage regulator e£Cect• the following functions: 
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Volta~e regulation 

Sharing of reacti,·e pow~r :. .. tween !leneratc!"s 

operating in parallel 

A compound cir-cuit rr.aintains the n .. cessar-•· c.;r-rent 

in the event of short circuit so that pr-ctection may 

function 

Voltage build -up with the aid of res ideal ma~n~tism 

from the ge:terato!" 

The system is not dependent .:.n outer sources of vc!ta,z··-

The magnetiz:in~ machines and ·.·olta;ze rl"',;l!lators :;:-~ uimensi'.Jned 

for a wide field of operation - a small n'1mb,.r c·•\"l"!"S the entire 

range of generators. 



'7he d~s:~n a:--.. ! 5·;5t~:":": .: r1t~r1a !" ..'!r" tn~ 5\Ao·i!ch~~ar a .. -: .·or.trJ: !'';!tt-r.-: 

·:::a. srna~. o;c.1~..-. ~.-.- .. !:-:> fl.J·-"·~r p!,a:-~t :-t:.a.·.t ~~ ~·..:.r:--::":"" . .J.:-::_..-·! ;;. a :,..A- ·..r..-J:-r:! 

..\•.Jt...:: ... -.. i.t:. n to .i :~r':.a1n t!Xtrnt - i.. ~ '...l!l~d:1n~r! .n~r.l.ttc:i 

'o·1~ :-:--.1n·:.il sca;-::n.1; '? 

R"'"'l'Jt" c~·nt=-ol sn0u!d :,,. avoid,.d 'l:1t ;, . ..;f c?u''"· 
poss1:.i~~-

Choice c; p=-ot,.ct!Jn !or any :;,.n,.rator d .. rrand' a cl.-ar out:ine .'.)f th,. 
strains to ....-hich a ~,.n,.rator is !!!Xpo9ed during operation - which 
would cornpn5e· 

El:!ctrical ovl!!rvoltai;:,. af!,.-::tinl!l insulation 

~f'!chanica! forces as a result of runawa-. or 3hort circuitin-; 

Heatiniz a1 a re9ult of ov,.rload or laci< of coolinl!l 

Th,. obj,.ct of th,. protl!!ction system may be d!!!scri:..,.d as thr!!!f'fold 
ina9much as: 

its nature :nust b .. pr,.v .. ntive - i.e. an abnormal 
condition mult be detf!cted at the .. arliest possible 
moment 

it must instantly leave the faulty point currentl,.ss 
in cas .. s where the fault develops rapidly 

it must be abl,. to flUard against faults in the iJrid 
to which the gl!!nerator is connected 

Thiu rnay lead to a relatively comprehensive system and. for 1mall 
power 1tatlons, a compromise ii necessary. 

The majority of !aulll result in inadmiuible rises in temp,.ratur ... 
The obvious solution i1 to insta!l temperature sensors in all bearing• 
and in the windinii• of the 1tenerator. FtR. :l 1hows the 
characteriltics of semi-conductor elf'ments usrd in low volta11e 
gl"nerator1. 
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Slements may b.., supplied with Curie point adapt~d to limit 
temperatures for the bearing•. winding• and the insulation cla••. 

Good heat contact between winding and sensor is essential for sa!e 
and sal~sfactory function a1 the sensor reacts to gradual rises in 
tem?erature. The sensors are less suit,.d to high voltage generato:-> 
as the windin~ insulation is considera~ly thick,.r than that for low 
voltage. 

For high voltage generators. PT l 00 ,.1,.ments may be used. 
Connected to a control unit. the relevant ter.-peratures may be 
measured, a pre-warning signal given and, •hen the upper 
temperature limit is exceeded. trirping is C'lrried out. 

Furth .. rmore. for high voltage generators. thermal relays with 
suitable thermal time constant may be utiliz:e<1. 

uy instal!ing overcurrent time relays with instantaneous short 
circait release. reliable protection is attained against: 

Overload 

Prolonged overcurrents 

Short circuits 

rn the ev .. nt of short circuit in the windi.n.; betwe..,n two phases i:; 
the generator, :he point of short circuit will be Ced from the grid. 

To which extent the overcurrent time relay will aiford any particular 
protection (release the breaker l depends upon the location of the .short 
circuit in the winding - in other words, the magnitude of the current 
from the grid. 

However. dependent upon condition• as well as the 1iz:e and voltage 
of the gen,.rator. the u1e o! differential relay as a safeguard again1t 
internal short circuit should be considered. 

Frequently. a winding shorr circuit will originate a1 a stator earth 
fault. 

A winding short circuit between two phase1 always entaill considerable 
damage to the generator and costly repair. The main objective 
mu•t therefore be to prevent a stator earth fault from developing 
into a winding short circuit. Thus it may be quite as important to 
use a stator earth fr .It relay rather than a differential relay. 

Overvoltage may occur both a• a re1ult of defects in the voltage 
re1ulator - ma1netizing •y•tem - and of runaway. Overvoltaae 
protection i1 therefore included as •tandard equipment. Over1peed 
protection i• allo included - a• in all other power plants. 

A 1ummary of Cault1 ;,nd faulty componenu i• given in Ta.bit" l. 
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Automation and Controls 

As a main rule and due to the fact that the plants are noC111ally un
manned, any fault will result in automatic disconnection of the 
generating unit from the ~rid an~. fucther.:wre, tae unit will ~e 
brought to a St3ndstill. 

nowe<er, depending upon :he location of the plant and t~e na:ure 
of the fault, it :nay ~e reasonable to keep the plant running but 
disconnected from the grid. This is especially important in areas 
where temperatures belov o0 c (or J2°F) are to be ex?ecteJ. 
Otherwise, the penstock :nay freeze. If necessary, arran~eme~ts 
for by-~ass of the water ~ay he made. 

The unit is disconnected from the 6riJ 3nd brought co a standst~!i by 
~he built-in aucooatic ~antral, the general procedure being: 

the turb~ne is de-loaded 

the valve in front of the turbine will close 

the circait breaker trips time delayed. 
The delay is 2~justable. 

in the case of a sync~ronous generator, i: is Je
niagnetized. 

In order to start, certain conditions must be ful fi ! led. Furthermore, 
the prLsence of the operating crew is required in order co initiate the 
starting and to controi it. 

Once initiated, the starting procedure runs autuawtically. 

Manual starting of the oil pump to build up the oil 
pressure of the hydraulic system co the required 
level. 



Manual s .. t:ing o:· th..- automatic to operatin1.t pontion. 
!f any fault ..-xists -... ·ithin the systl!'m. an alarm will 
now b..- giv..-n and the fault may· i:>..- id~ntifi..-d on the 
alarm pan..-1. Tht" startin2 procedure is automatically 
discontinued until the !aulty component has been repairt"d. 

Following th._. setting cf th..- automatic, tho!' various 
elements of th..- turbine are brought to 'ltart position and. 
upon opening of the valve. th,. turbine starts and acc.-1 .. rates 
to nominal sp,.ed. 

In the e-vent o! an induction gen..-rator being employed. the circuit 
!:ireaker will clos..- when svnchr-:>nous speed is r,.ach..-d. Th..- cl.Jsin~ 
co~mand is giv,.n by the !!peed cont::-ol equipment and th..- i:;enerat,~r 
is instantly ready to deliv..-r rat..-d output. :n order to achieve this. 
howev .. r. a grid must be at hand and the generator driven at an o'·er
:1ynchr~nous speed of ap?roicimately I OZ~ of synchronous sp..-id. 
The t•1rbine regulator will provide for this speed. 

A synchronous generator must !le treated somewhat diffoerentlv. 

a. Connection to a grid. parallelling: 

In this ev..-nt, the unit is b,.ins; accelerat..-d to synchronous 
spe..-d and. in order to avoid switching ,.rror and relieve 
th..- operating cr,.w, parallelling as well as magnl!'tizing o! 
thr gl!'nl!'rator ar.- carried out aut.:>maticaily. 

The parallelling apparatus - Synchrotact - c::-nsists only 
,: solid state components. :t is connected to :he voltages 
on either side of the open circuit i:>reaicer and controis the 
following: 

Slip of the rotor and thereby the :"r«"quency 

Voltages on either side of the open circuit 
br..-ak..-r 

Phase angle 

The closing command is given when the set maximum •lip 
is reached. Consideration must be giv .. n to the breaker 
clo1ing time. 

When connected to • g1 id, the frequency is determined 
completely by the grid - and thereby the sp .. ed of the unit. 
Frequency regulation ii, therefore, not necessary. 

b. Single op .. ration: 

Compared with an induction genl!'r"ltO!', the 1ynchronou1 
generator may produc,. r .. activ,. pow.- r as well as su1tain 
its terminal voltage. The 1ynchronous lo!"'nerator is thus 
5uitable for sinitle op,.ration. 
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:·r.-ql:..-~~·.· :-.-.,:·_1:a.t:Jn ~~st nuiA· J~ ;.J...l:SStbilc- .&r.c.:i a t..ir:i~n~ 

wit!':. -10_ ·.is tao!_,. ,z·;ide •·ar.es anG ;-i.;nner ·.raneS !"nUSt '.),. 

err.p!c..-,.d. 

S!1!l•:-;.::~::: .ilnd -J:-ush~s a!·.•·a· ... s :-fl'G~t:-~ .\ ~-rtatn arnuunt :Jf 
:~.a:.nt,..n.-incf". -:--h..-y ma·; :a:-th~:- :i,- 'ln.- •)it~_,. ·.1i1~a~,.5t po:n~s 

-... ·it!':. r·~ard t> :- .. llabiiity. 

:-~,. mo1.-r-;. ~\-::·..:h:-on(,·~s ilr:":f"':"3t:'lr f:,:- :~'°' tJr.:a.l 5<4: .. !:·.-ri:" 
;>t_,v..-r- :>ta.!:;n ~s t:--."":-c-f:.r~ J.- ~h~ :.r·.is~·il..-ss typ..... The- rota!::-• .: 
:i:od~s dS ~-~;~ d:i th-! A~ '!XC1t~r ar~ :":":':)unt~d on t!'-.... ~~n~:-atJ:
shatt u:sid~ t?--• .- :>testo:- :r.i~ ... 

Th,. .-oaa;.:• r.-fl·;lat:>r ~' Ji the solid stat.- tvr><" and !":-:._.CJnt .. d jr. 
t:i~ tC'.'.) -.d t!-t,- .,:~!'leratn:- as ar- .l.lsu tht! c·_;rr-ent t:-ansf: :":t.r":"S 

:·er:~,..,;~:;::;~ t~f" :-~~·.Jtat~=-- ;.·:~. J. 

The g,.n,. :-a to:-. ~xc t tat ton ar.d voi ta~,. r,. ~·Jia tin;: .-quipn:,.r.t :h J s 
:· )r!":l l C ·J:":'!?i-!,.. U~tt.. 

~ .... :--,t con;~ant ~n<l -it d ;:>r•-::f,..t ·.·.1:~~

rJ: thf': ~~ner.1tu: "./1Jit.a~~ 11 ad;t.!stcau:-. 
:'t . .- rr!r'"'!" ... nL ·• • ··.·.-. 

F' 1 1rt=-.~.""':1or~. th,. o..itcm4tic ,,,..,:ta.!,. r~~·1:at:.r lS .-q1l;J~-~ 
·.111th a quadratur .. current v:J!ta.:,. droup orc-ut. .Sh"''-~ 

th,. ?',.activ,. cut?ut Ji the g.-n .. :-<i.t:,:- inc r'"il5<" "'"'':•;nd 1:-.P 

-,al•1,. C')rr .. 9pondin~ to th,. r.c.rr.ir.a: pvw .. r f;ct0r. th,., 1:-c•:t 
wi!i a..-.:r,.a• .. the voltag,. in _,rd.-r tJ 5•J5t•in th.- corr .. ,.~ 
r,.act:·1,. >·Jtput. 

!1. '/0lt4g .. i:>uild-up 

Th,. v0ltai;:,. i5 built up :iv thf' r"'st<lual ma2n,.ti11m ".li th,o 
~enf'?'atcr. which provi~,., !or an automatic voltai;i,. :iu1:d-•Jo. 
Wl':.er. th,. terminal volta~e ha1 r,.ach,.d 30--10"', cf nominal · 
voltag ... the automatic voitail'" r".?'Jlator tak,., contrn, .\nd 
r,.i::·.i;at,.s th,. volta~" t'J th,. .J-11r,.d valu ... 



T:-.~ n~.::··s!:..:"·: .-x.:itat1..;n ~-..i.r-r .. -::: d~~:.r . ..: .i sh.Jrt c~~c·::.t 
c.JnditLcr.. :s ;>rovLc .. u for- '.:iv .i c ,m:;:...~:H!Lni.t .:~rc:ut. This 
wt!! mau1t.11n th.- sh,1rt ci:-c·.at .::•.lrr,.nt for a s,;:hcL,.n: 
;::ier~:ld oi ttme to allow th,. r .. !.,.vant i:-.-Ia·1s to :>perat ... 

W~tfl>r- L ... ~-.-: ~,.-·1la:Jr 

.-\s 9m.l.!l p,:\\I.·-~ ~i.ints .al"',.. Lit"St~nr~r: !.Jr 1nrr.cnn-d ·>;->.-rd.ta .... ;:._ 

autom.1.:ati..ir:. .:..i ::-:.«!' tur::.:.n,. adr:i.ission is t!lr:-.-.:-..rr- n,.< ~ssa:-v. 

a. Water- ;.-;::•.\.' t.::. th" res..,rvo1r va:-i"' thr )U,,;!'l.::·.~t th,. dav 

l!. 

w:- the . ..,,. .. ~ Th,. vanati:.in may~~ w1th::i t!-. .- O.lf?H 
:-.in~,. _f tn~ t:Jr-01ne b•.lt outs1d" th .. ..:a;:iac:t•· o! the r,.!l .. r-•01:
.. n1s t~ f"Sp~ ·:.£!:y ~ru~ ior po~~r ~~•nts wit!\ S!T\&:i l:::.i"'ce 
cha:n:iers ·.r- !":!'."l->f-nver- ;:>o .... .-r ?:an~'-

7:-i~ u~:~t :: t!-." ;:.r-!'lst~c;.c it:~~ ~~t -~~ .-~.t:':-~~~--: n •·• 
:..:oci<e-d Lv :or~iin bod~ ... •-

P ..J ...._. ~: ::: •• \ ~ t 3 •• ~ .- r - ['",,...: · ~ 1 :l. ! :. ...... :-:. 

... :"'. s . :- .. :~ ·· ; : :;: ) -st ~ ~ :-, : __ i. t .a:: . . J: ·- a r ·.·: ~ ~ ".A. .1. t ... r
-~ • ~-1:.~t..t.:~:r:..; :·:,~:1l.1r-.t :~v·: ;:i ~h,. :~~~~·.r-:.1: . 

• \ r1 •" : ""'' • ~ ';' j ~. : ~- v..· 'i t ~ : : .. •.· ~: :"' ~ 0.: IJ • d_: "j ;'° "' _s 5 [ !":. • '."' ,.. i..., ;'° ~ ') .. ,.~I d fl'".' l 5 ,.. .-! 
s:~.->:,... ;:-.. r: .J:-.s:r'.!.;::1 .. :1 J·~t :-.~·.·rrthei..-;s ~·:;.-r~ho:1~1:-.- :- ... ~ia.O~·· 

::'\st ... _ic! )t ·~vl:··:- >··J••: s .... :lsor~~.z .... '> r-:!~:-v-tr. ·.:..·:-·•·=·-. ·J:·l.-:-: ,.:-.:.l1:s 
:.'Js::\ !:"d:'.j:"r.:.SSI .!"\-.it :!-i.a- 1r*r".'li>,:- !t,Zr..J.! - ~. _,;. &Ct:'1..; ?!"·.:.1.t"r.".! ,...:..: 

pr~ss ~:-,. ts J~:-.s 1r:-:_ at the .ntJ..-:r :~ t: . .- ? 1-....·~r ?l.lnt .1s 'A··:~ ~s t~ ..... 

'j:.strt:;t.:.tu:- ..,::i ... n•r • .,: ·, .. -1th t!':..- .-.. 1~; c: ~:--.... , ... t·....,.., i.: :~t,.:-ta !":"':...- • .;.s:...:.r-.- .. 
m r.' n t t 3 at t d. • :". -'. :-.. : ,. ., : :!"\ ~ stat t..:: ·.....-at,.. r . ~ v ~ : . .J : th,. ..-..· • : ,. r - : ~ :i r ~ n : :-. .. 

caJ,. ,, A t~,;:>u:a: ~--:-~ ::-.~ ... :h~ rur.r ... : b:ad.-~ 1. t~,. 9,--;·.-,.j-:r.":t~,r o: 
t:i,. ti.r'">1:i<" .--,r.t~->. s·:H,.n1 :--:-\av .,,. ,15,.1. 
Jhow:i :n Ft-<-

.~s a '"conda:v funct:.,:i. th,. r'">?'~lat.:>r .-Ilsa m'.ln1tors th<" pr~s1ur" 
1n the l'.J:-'.:>1:ir!. £:1th" ,.v,.nt r.! th" .,.,-at,.r S'-':>PIV be1n.; rorr.?l"t,.lv 
'J!' pa:"tly .li.')ci<.~~- :h- r--~:ilator 'Ni!l r,,~1st.-r this .lt ~ ... ..i,I l)i 
pr .. 1111:-,. .i.nd r .. olct :n ao:c'lrdanc,. with 10•.11 water lev,.i • ad!ustini< 
the tur-~1ne outt>•:t •::it:: sat;1factor·1 ?r .. s••1rf' ha• b,.,.n r-esL>r .. d. 
Emptyin2 of thf' ?'"nst0cl<. and t•Jbt .. q• .• ,.nt :-,.l,..-a1,. oi t:1,. unr!,,r
pres•ur-e ?rc.t,.<:t;on ma·; :h:u b,. a·,01d.-ri ·th,. '!•·n,.r-atr>:- r"rr:.i.ns 
conn~(::f!r! to th·· .r:-~"! ;.,11~ 'N•th r ... dnc ,.d 1:.Jt~>'.t. L:ir1n :-~r.': ·•.-..1: ,. 
th19 .,~-it•c~··. :-.i~1·1:t =-~·,~rts ~'1 r.c.,r- .... ~ ,,:; · • :1a: \1~1. 

--
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C.Jnnecti.)n t:> the Grid 

Apart from the equipment di&ectly re-lated to the generators 
i-ynchroni:z:ing. voltage regulation etc. 1. the main pow'"r circuiU 
for an induction generator are similar to those for a svnchronous 
generator. Ho>wever. the po,..er circuits for high and low voltage 
generators are somewhat different - Fi.;. I:>. 

For a low voltage generator. ttie circuit treal<er is located between 
the transfo::-mer and the generator and. in the case of a high voltage 
~enerator. between the transformer and the high voltage bus o;.r. 

The generators in queetion may be designed for operational volta11es 
,.;p t;:i l j_ 2. kV. However. since the grids to which the smali scale 
pow~r plants are to be connec!ed normally ha ... ·e hi~her ... -oltages. 
step-up trans:ormers are necessary. 

F•.irthl!'rmore. in the event of a short circuit - for instance. on the 
generator terminala - the short circuit current from the grid can 
reach a considerable magnitude. The impedance o! the t-:-ansformer 
will limit this to a more suitable magnitude. redu.:ing the strains to 
which the ~quipment otherwi1e could l:>e expo1ed. 

The ma~netizing current of the induction generator is supplied from 
the grid. The genei ator is thus unable to reg•.ilate its terminal 
voltage - i. "· the terminal voltai;e is completely governed by the 
grit!. The grid voltage may fluctuate O'l•er the day,'night and. since 
the output oi an induction generator - keeping the current constant -
i• proportional to the voltage. it i1 important to know the rna~nitude 
of these fluctuations. Otherwise the output will be reduced when it 
is most needed - i.e. when the load demand is high and the grid 
voltage :it iU lowest value. Careful consideration muat therefore 
be given to the ratio of transformation and the transformer must be 
eq~ipped with the correct tappings. 
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Fig. l 
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At normal temperatures, resistance uf the element 

p~ ... er 

is p1"act1cally const.snt ·o11ul3t. .s m1nur t"mpt:rature 

l'iSe fro• a certain point yields an increase in tenth 

powers in element resistance. It acts as a breaker 

and .. y 1nterru~t a ~tat1c circuit. 

Fig. 2 
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\bltage regulator SF?. Front view. 

\bltage regulator SF?. Top view. 

Fi~. 3 
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Automatic voltage Regulator SF? 
Block Diagram oe-s n 15'. 

SF7 ,--------------, 
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5. Current transforme!" 
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'L 'Jolt.age ou1:d-up ::lrc:a: 
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AVR 
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A: Measure111ent of the 
distributor opening 

8: Measurement of the 
pressure 

Darn 

Fig. 5 
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Ad1utit1n'J sttrvo 

increa.He/decr~ase 

Turbin1:1 rt1gulat:r•r 

Te1il Wdter .... ~~~~~~_....._~~ 

Schematics of the watt1r levol regula.tor 
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r.::oraine causes 

prevent ~=:~: ;-.r~s . .:r::r-=-,, 

~n :.~a.i.:age or · . .:it. 'l:. ":r":<V: io•-r.. 

;:'unnels -------
ht ~resent there are 

-~·· ·--.: ·.;p 

•""""-

en a :-~ugh 

getting 1p~rcx:~ately 

~oriz:ontal rwini=ig. ':-::.n·1-=ntim:al r~r. ing, ;.;se 0f bo":"::'lg and ':l1:oting, 

and full pr~file d!-il~in~. :n :oft roe~. and rock holding 3mal:. 

quantities of 1_Uart::, is f:tl2 pnf:~~ ir::llin~ '.;he best 1lternati•re, in 

ieference to a. sI!lAlier ~ross 3ecticn ::f t.u~.nel. 1:onven';.i:nal :'J.Ilneling 

is better adapted to hard rock. 

Large cross sections are unnecessar1 fer 3~all pover-plants. :'ull 

profile drilling may be operated dovn to 3-4 m2 , while conve=itional 

tunnel runni~g has 5-8 m2 as lover lia:.it, dependent upon available 

mechanical equipment. Common for all rough ground projects is the 

great cost of rigging. This favours long tunnels, but not too long, 

because transpo~ of earth ~asses ~ay ce expensive. For smaller cposs 

sections rail transport is usual, vhile for cross sections exceeding 

15 m2, vheel transport i:; preferable. 

Enclosure l shovs development of cost as a function of length, and 

cost as function of cross se~tior.. 
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Prrncrple for pr~file cutter. Or:lling a 
pilot hOle 

: : ". 

F~g. 4 inJi~ates ~hi~. 

Operating tit~ 
profrl culter 



Intake 

Orill•d 

pr•asure 

shaft 
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Tightening pipe -rock 

Pens toke 

foundatior 

Th• tunnel is n•cessary to obtain suffici•nt overburden 

for th• pressur• shaft. 
Fig. 4 

Because of the necessary size, .rill :oss of head often be lov in 

twinels. Manning's formula is o!ten ~sed. 

Manning's !'ormula 
··2 • 

h • .!..f-=. 
r M ·R"/3 

n F sur!ace 
V = ~. R '. h•r:iraulic radius) "" 

t " A periphery 

The formula shovs that full pr6file drilling may have a lesser cross 

section at the same loss or head as is usual in conventional tunnels. 

Consequently, aeveloi;aent of profile drilling machinery vill be of 

importance for small pover-plants. 

A ro""" c&lculatif?1,:' 
Blasted twuiel 

loss or head per 100 • tunnel to be: 

2 fq/3 
h!' • 0,6•q •F a 

Drilled tunnel 0 tL/l hf • O,ll•q2•F a 



:'·.IIlnel: 

This shovs tt:a.t drilled tunnel ;ri.tt: a ::ir:::J.lar cross se:ti.)t: ~et:s a;:·r;r::·x. 

),5 ti:!leS less loss Ot head than blasted tun..~el. P?-acti:a~ly, t!:is 

means that a r.ecessary tunnel of lo m2, ~y be reduced to ::,5 
., --

·.1:1ei;, ·!:"illed, assuaing t!:le loss or head to !le G ,l :!!.fl·:·.; :!!. Th<" r-eas::n 

for thi.s lies i!l the fact tha<; a circular cross section !:as a l::e•.ter 

hydraulic shape, and also that a drilled tunnel "las a s:icct=:er sli.!"""P.::e 

): :iigi':er Manning number. 

?or ·.mlined pressure tun:lels it is nor.na:.-econOC1ic to ca: .:·...:ate t!:e 

loss cf head to 8,1 -O,J'5 1!1/l':Cm, 11~ich e~uals apy:rcx. ::,: mlsec. -

l :n; sec. for cross sect i-:ins frcm 5 m: t.: l"i m;:. 

Cross section m2 

'A.r/m minimum 
Manning'sl 
n'..Jllber ~·! ~ 

' 

.:on·rer:t for.al r-•.:.nning 
L = :?.:.-:1J ~ 

3,2C•:,- I 5~a::-:ing :~:.:.~~3 st:cc~ 
! ·.;a·.tP.S ~n r·':'~~. :1.A:f 
I ..... ~,,. mer .. -e~·.u-; ~,. 

:t..:.:.: prcfi:.e 
dri..:.:.:r...g 
~ = ~:)')') m 

Alimait, 
blasting 

:irilled 

2,5GG,-

6,000,-

;,100,-

4 4 70 

3,5-4 38-35 

1,1 70-8C 

i - -~.:i - ... ~ - •··o .. 

I Stc~e~ ma;r "o~ -~~;·~. f.:ir 
I re 'l.C: case in 1 : : ,;, _: :1~ 

o:· ia:n. 

2Da:.:. vibra':ions in roc:t 
~c·du-:e : .. ir.e mas:;, 11hi:;, 
is not ~it ~·Jr :!a.:l 
rilling or !"<Jad tR.se. 
:Jt ili :at icr. ~ossib.:.e 

if otner materi.als added 

Same as for ~ :.1.r.nel. 

!\lust be accessible 
~ram base t.o top. 
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The topo~raphy ·.rill iecide the 301:.itions ::: ill :.err~i~ •Jl'9~: • 

.\n .:iver-grou::d wateIVay consists c!: canal3 'Uld pipe cons':':ruc~ed cf 

various lll8.t.erials (s~eel, d~ctile irc'.'I, ~i!lf.:rced plastic, w::icc)'.i:::preg

n9.ted ti~ber ~).. Sol':.lt.icns vi!.l ii~~.!!:- f~o:!l projec":. ~o ~rcjec~. 11!.91.i eve;.:

c-or..ci v~a.bl.e c:>~ina:icn. Ooth be':•een different pipe ~:r;es 3.r.:i :;::i?e.'.::-.. a:.:ie:. 

steel pipe, ·.;hi:.e lov i:ead pls..-:~s -'.)ften have headraces. iiovever, '..::. 

some :ase~ it may be cf adV!L,tage ~c ~se :'-annels !:or ~ig~ ~ead ,~~n:~. :cc. 

Fig. 5 shovs ; i.:fferent solutions fer over-ground projects. 

Wooden pipe -

~Headrace v~ 0.5 mis 
reservoir 

s 
~ 

Turbine 

~ 
Headrac• Low head powerstat1on 

--+ ~Turbine 
Dam in river 

Fig. 5 

• 
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2. Chamlels 

Canals are or present interest in sloping grounc:1~ consisting or deep 

moraine• but they mB1' also be used successt'ully in roup grcunds. 

Caaals are especially or interest vhere great quantities or vater and 

lov head are concerned. The longer the distance be~en intake and 

paver-plant. the more !aYOurable is the use or canals, compared to 

other sptem. For this ??ason. canals M1" profitable be used to 

transport vater f'r;m the reservoir to a suitable penstoclr. line {see 

ex. 1). 

Canal in moraine 

Fig. 6 

Canal in rock 

Fig. 7 

Canal tranporting vater troa reservoir to penstoclr. should have a s-.Iler 

reservoir at the end or the canal. Canals in lov head plants are norma.lly 

or such a size that this is 'l:D.necessar,r. 

Compared to closed vatervq s71te•. canals o!U!n demand inspe.:tion 

depe11dent on Tegetation conditions and cli.ate. Eq>eriences troa llorvq 

ahov that canals are easily cloggeci up by rubbish. especially in forest 

grounds. 

Becau::e or fragile ice !ol"ll&tion during winter. it llUSt be poesible to 

ice-cowr the canals in troat periods. Frqile ice bloclr.s up the intake 

gates. thua -.Icing &T stopp&&e. For this reason. the velocity or the 

headrace oucbt not to exceed C ,5 a/aec in areas exposed to troat in periods. 

In other areas the Telocity vill be detel"llined by the pitching materials 

used in the canal. Enclosure 2 shova co.t and gradient tor all&l.l. canals. 

In spite or more inspections. canal• M1" !a-.ourably be uaed in sloping 

ground instead or penstcolta. The reason is found vhen c~aring cost and 

gradient tor a..U canal.a vitb the coat or pipe. 
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~ :.entioned a~ove pipes cocst.r...o:t.ed !ram varicl.OS !118.t.eria.:3 cia,y te ~sei. 

Dit't'ere::.t. t;rpes a?:.i sizes o~ pi~ ~ be ccmbined ":";c get optima: sc::;.":";ions. 

~e ac=our:t belc~ s~ovs ~~~ d'Jm8.i~s •here ~he .ii~rere~t ~ypes ~~ ~i~e :IJ3' 

be T.lSed. ~ere :i..:s~ o~ ~~~~icned t~a~ s~eel ;ipe be:omes e~~r.s:ve ~=~ 

lesser '!isc!:.argei ::ea.:...;. because t.!:e ·.1a::-t.::idtr.ess on -:.!:is ;:ress·=e :"!·1e: 

is not deter:rinei ":7 -:.:-.e -iischar~i i:eai, :·.:-: of rus-: a."'!i -.-"!!!.::-. 

: ::i 

d~ti:e ir::n 

W'COd pipe 

'nle ~~nst?":;c~icr.a.: ~~s~, which ~c~ cnly increase ~i~~ ~e~~ai~ ccndi~i~cs, 

but a.:30 ~it.h a :arger diameter, ~re cocpared to the :oss of hea.i i:: 

the penstcoK, •hich reduces the energr production. ?ri~cipally it. is 

usual to :n&ite ar. estimate as shovn be:ov, to !ind the correct. :limension 

or the penstock. 

106 kr 

~conomic 
diameter 

Fig. J 
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Loss of head !."or pipe :llaJ be f:>und by :l!'ing !)ar:::;-lit::istac~'s ~o!"Dl.ula: 

h = f 
L • '12 

: . ---
::i • 2g 

D z ir.terior pipe di3!11.e~er 

V "' water velocity {licrwa.y has today spproxi.mate eccnomic velocity 

'.:oteel 3,5 a/se·:. < V < 5,5 a/sec.), (:-einrorce1 plastic 2,5 a/sec. 

< ., < 4,5 m/sec.), (•~d 1,5 :nisec. < V < 3,5 m/se-: . ..J 

r a friction coefficient dependent on relative roughness, ~ and 
D • 'I -

Reynold's number :> "' --v- · r is best round in a ~oody-diagram. 

The friction coefficient vill ·rary over time, especi:tlly f:>r steel 

pipe, (corrosion, overgrovr:h etc.). The ~riction coefficient for steel, 

vood and reinrcrced plastic is indicated belov. Welded,Sl!IOoth steel 

pipes ha7e least friction (this also appl7 to reinforced plastic). 

Hovever, the friction increases with junction of ri'l'ets, and with 

corresion. As a rule for rough valuations, the folloving estimate_.111a.7 

be 1.lSed: r steel= a,J20, f ?"einrorced plastic= :,Jl4, f •ood ~ J,015, 

r ductile iron = J,017. 

f 

0.03 

0.02 

0.01 

year 

Fig. 9 



Reinforcel.! pla~':.i.~ !Jipe .>ver-grc~!~ ·.-:~: prot,abl:r last. fo-:- a s!lor-e-~ 

period :r.an e!!.:::".~· ;:'.)•:ere·! pipe. :·u.:-.:.:.-: i:-on vi:.:. 13.s': as .:..):'If as 

ea...-th :0vered re!:i:~::-c-~i ;"las tic ;:ipt:: ·.i.I".1e!"' :he 3a:De ...:0n;!~ ·.:". Jns. 

Steel pi~e ~ver-g!"'o~~ wi:: las: ~~~~~xi:iatei7 ~~years. !~ ~his ccn~e=~io~ 

the c.::nd:.ti::in c:"" ~:i.e ·.1ar..~?"' per~e::::a~r· ·:~ !Lc::i, seii.m.en': t.r~sport et.~.} 

is ver/ i.:::i;ortar.~. 2:t::~: ~s ~:-.t:: b•:::: ::!.-1.:er:a.1 \tn-??:. st.-:--:?-:-.. ~~:: :c -i:r!:i":g.nd 

~he .,.ear !°r~m .3ar.-:! ~.i gr~~re..:.. __ ~-::-.3:.i~~.::~ bu~ :.•_ :s 1...::..::: res:.st.:ir.: !.~3.ir:s: 

chettical sui:s:-;..:i=~~ ~:-.. :i tJa':e?"' ·.1::~. :... _.--...;,; ?!i. ?e~!'" .. :":r::e;.i pl.::.s':.~= an.i 

ducti.:~ ira~ aave a tet t.er =~eI?:.:(:~- !"'~S: s:~;,_-:~, 3.ni !:.Fpr:ix:.oa:e:y :.::e 

same iurabi~i::.y !"''!~~ii.:-~g •ea!"' :;"' .s~::. ~r . .i ~!"'~"'rel.. ~:~oJ i.::;.:--e~!L":.~.:! ::.~~=-

As :nenticnes t.ef:l:-~, ......... ~ipe .-:-:~· ~a:-- , - '!. s!:l4.:.: · ·=-- :.!'". :r.e :ota: 

kr/m 

Easy terrain Oifficul t terrain 

The !°igure S!1o;r.; Hl fri:'lc£pl~ ':he ;H"'l-''-r'.i·~n:; tie·.·, .... ~. :'ir, ..... ,~.:; 'l.nl 

to~al b~ilding ~Ys~~-
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With lov ~!!sds and easy terrain, the type or pipe vill Mve a strong 

influence on the cost figure. This is the reason for the current 

interest in !orvay for vood pipe over-ground, if conditions for earth 

covered pipe &re not especilLlly suitable, in vhich cases reinforced 

plastic ~ be used. By using trenches, the number ot supporting points 

~ be reduced~ because use ot supporting paints enhance the price or 

the penstock. 

:::r..clos'tU"e 3-4 shovs the cost figure tor over-g?"ound pipe and earth 

covered pipe. 

Use ani place:aent of piP! 

The penstock line should be constructed in such a Va;f that use ot down

grades near the power-plant is possible. The higher the pipe is placed, 

the more the pressure is di:ninished and thereby the cost. This solution 

is limited by the line length, because increased length entails added 

co:1t and stability problems. Usuallycombinations of pipe types (wood, 

steel), is employed. 

The stability or vaterva;js otten demands surge tank and ~yvheel effect 

(on turbine ax!e), especially by lcc.g penstocks or tunnels. :~ an ordi

nary surge tank caiwot be constructed (dit!ic•.tlt terrain etc.), i<:. is 

possible to construct an air-tilled surge tank. For penstock this will 

often increaae the cost, and that is another reason for ~daptins the 

vatervq to the terrain as shovn in tig. 11. 

Intake 

Fig. 11 

l'osstbilities for surge 
tank if nHdtd 

Turbine 
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:::..e •-a..:.1-thickness cf the pi~e cast. e·1us.li::e t.tes~s.::.: pressur~, a!ld 

pressure variations ':Jy on/off svitches. E'ressure '::1!!.nge!: by cr.!off 

sv:.tches :n~rease •ith velccity and le~gt.h cf pipe. ~or short l~r.gths 

cf pipe, (:. < l.JC m), the follovi!lg cP.lculation may be '.1Sed: 

h = S,l a + 20 m. Necess~/ measuremer.t will then bestatic press'.ll"e 

plus ::iaximum pressure gradient, and this must not be exceeded. 

:c ~educe ~he ~ost of ~~pe, t~~ •S.:1-t~i=~~ess is ade.pted :c ~~e ~e~e3s~n· 

1isd:ared i:ead. 

?er the cperation of pOller-plants, producers of eq~pmen: prefer =:~es 

wi:h a hign elas:ici:y =dt:.le. ~is favours the ':lSe of steel :.::s:ea:! 

of reinforced plastic and •ocd, be~ause pressure va.riaticns •i:: r.o~ 

reach the sg,me extent in tte3e ma.:er:a.:s. :'he press:ir~ waves •i:: C~ 
absorbed ·cy t!::e pipe ma•erial, there"::y r.ot lastir..g lor..g enough -::c :r.f:·.;er.:e 

the t~r~ine regulator and thereby the r..et stabili:7. 

~einfcrced plastic pipes and ductile iron are suited fer ea~h :overlng. 

As menticnes before, it r:iay then ':le possible tc reduce the number of 

fou.~dations and thereby the costs. ~itn lov heads the friction ~a.inst 

the ground will function ss a continous point of support. ::ar::: ccvered 

pipes are not as eesily exposed tc wea~, heat etc. 

Available materials 

Compacted sand and gravel 

H•0•1.5m, B•D•1m Earth covered pipe. 

Fig. 12 
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Por pipes on groi.IDd (mostly steel and vood~ but ~so reinforced plas~ic)~ 

it is necessary to use points of support :n jeference to the veignt 

of water and pipe, temperature variations (~!'"iction force), deJ:endent 

on the frict.ion coefficient f(vhict lllBY be red~ced by using pas~eboard) 

(fig. 14i, and the net weight of the pillar3. The pillars ha'-e ':o ~e 

rocj(-fa.stened, because rounding on mcraine demands expensive S'-"p;:c!'"':ir:g 

point3. The spacing of st.eel pillars is ~a. 8 ta 10 m (dependent. on pipe 

length), for vocd pillars ca. 3 t.o !.. :i. 

: :.g . .!.j 

Pipe 

R total 

~ig. 14 

?ig. J..5 

Asphalt1c 
pasteboord 
covering 113 21Tr 
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The anchor blocks, erec:.ed at even inte:-vals, ha~ to ~old vater pressure 

from above in the direc~ion of the pipe axis, vater pressure from belov 

in the sa.n:.e dire~tion, t~e friction force frcm all the ground blocks, the 

axial compor.ent cf t:he steel veight fron: above, and force from changes 

of the cross section. 

P1 = pf (f ir.terior cross section cf pipe) 

P2 pf (p vater pressure) 

P3 = ~ (Gs + Gv} cos a ~s = veight st:eel 

JV = veig~t vater 

P:, Gs sin 

P.; friction ca~sed by expansion 

?en stock 
Fig. 16 

A penstock ought to have a minimum o~ positions of bend, because 

this enhance the price, and causes extra loss of head. If the penstock 

cannot be ~cnstructed as straight as possible, a.r.d by simple means in 

moraine grounds, :.his may cause considerable 1:1easurement proble:ns regarding 

the stacilit7 or the penstock. 

Enclosure 5 3hovs •ood :i:;ipes ·'>D Vt>oden trest::.es. 'Ihis is a sol~:.i'.m for 

flat t<.rain and lov heads. 

' 



Specific veigh't 

:cngi'tudiqal expans:on 
coe!'f'. lOt. 

nea't conduc:o~ n'.ll:lbe~ 

~C9.l/k~ OC 

:-lax. diameter, l!leters 

~!.ax. pressi;.re, 

'•lood 

1,6 

15C 

4 

2'.i 

:. 

65 

J,015 

- 5.? -

Rei:'lforced 
plastic 

c .... ,_ 

-... 
!'-' 

.;;;:....; 

:.2 

~ t'~ 

:.60 

,, "\ ........ . _,, ,u-~ 

:::::irabili q 
.gr!l.vel) 

against .,,,~s.ri 

:ursbility agai:'l3t 
~~e::tica.l 3Ubs~a.~~es 

:{I be earch -::overed 

::t=:.er pair.ts 

I lov good 

AccP.pt-
able good 

piu-;ly yes 

Jwood pipes ma:y 'Must be !'abrica-
1 eff'ectively be ;'ted by s;,.ecial 
itre.nsported in lfa~Lories. ?ro
,bars. Possibi1:;ti1ems regarding 
!ties for l~cal ~oining. Sun 
: production. ;int'luenced, ms.:; 
I - "-

I 
r.asy to lay. !"e earth co•1ered 
Need mainten- jLittle over-

' ance. Favo1ir- ~ovth. Needs 
latle regarding ~ittle mainten-

l
lov heads and iance. So far 
great quanti- ~ittle used in 
ties of water. ~owe?"J>l&nt con
Friction. coe!!. rt ructions. 
varies little 
over .... ime. 

I 

I 
I 
I 

Steel 

7 ,9 

20JC 

12 

'C -, 

" = : ,.:2·; 

good 

:~·-

;ar:::, .. 

:s seldom ear-:r. 

I 
I 
I 
: ~-!ay 

2uc:ile 
iror. 

.. ,...::: 

·~... .J'-

... = ··:,~:7 

~cod 

~'JC.i 

yes 

te ear.ti i::,:,ver-
:overed. ~us~- I ed. ~eavy :rans
dar.ger ::ve~ tir:ie.; ;:or-:. >-es n~: 
~eeds mai!".":.e:ir..'1cei :'1.lS':. 

Fricti~n inc- t 

reases •i:t: r•.ist.I 

I 
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rJene!"'a.!.l ·.· -------L 

F:gu!"e :.. ~ shcvs in Fri::cip_e the dische.rge for a ri Ve!:" i:: !L:-.:a~·. 

Regu.lat.i.or. inst.S..:l.at:-:ir.s C!L"l make in~erception ~r ·.;ater pcssi.~:e, ::-.e!"ety 

increasing"±.e produc~: ::1 i:: peri( ds w~en ~he 1-::ad is .:1ig..:.i. ?8'!" .sr::a.::. 
pove?""-plant5 th:s r:ear.s, i~ !IXJSt ~ases, t~at •a~er is :~te!"~ep~ed ~:!" ~se 

q middle 

Winther. Spring, Summer. Autumn 
Annual discharge 

In water conservation tr.e best reservoir sites often are ~our:d in :r.e 

upper part of :he catcr.:nent area. This mell!'s that it is importan: :o 

mue the intake rese!"Voir large enough f·or the daily, or preferably 

weekly, load va.ria~ions. :3e draw off from the main reservoir cay :hen 

ile done at even inter'fals. Usually it is ill'possible to adjust the 1raw 

Off from ~te =ai~ !"eservoir to daily COOSUJDl! variations. I~ is therie-

fore of importance to enable the i::take reservoir to take tnese variations. 

for dayly regu lotion 

Powerstation 

~ig. ie 

___ , 
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Bigger plants vill be aimed to e~-:t sufficient.ly :ar~ reser-roirs to inter

cept the vate~ ror use in high coosUD! periods. ::i:! sai t~!e laltes, 

vhich ma;y be easily regulated, are not rowid in tile area, big plants mQ" 

stand th.e cost or artiricia.ll7 constructed resenoirs. '1'he ~ 9:1 

become large and expensive, they vi!l hove'rl!r, otten be econ<micall.7 

acceptable, because or the enourm>us ~ of ene~g, and the er:rec-t 

they ~present ror a larger plant. 

31.g :lam are not or interest !or s-.11 ix-r-plllnts. The discharge is less, 

and/or the head of •ater is lower, or it _,. be possible to utilize ooly 

part or the vatervq. Because of this• it is illportal!t to note that dam 

tor small. pover-plants must be placed where ~e highest cubical contents 

per 1Rter Jam is to be found. !or this reason, cnl7 big sills vill be 

used tor a necess&l"J' intake in river. 

Topography, ground conditions and aTai.lable recowses vill determine 

the type o:r daa. The -.in types are: 

GRAVITY DAM OF TRIAllGULAR SEC'l'IOS, 

AMBUJISEll DAM (FLAT SLAB !JECK: DAM) • 

FILLED DAM 
ARCH DAh 

The J. ocal condi tioas vill determine the solutfon fer all these dam. 

In lorva7, small das vill be stalldardizecl vi th special instructions 

etc. to preTent injudicous constructioa, aad thereb7 acciden~s. 

~ra'ri tr n. ot Triangular Section. 

This 4- is coutructed or concrete, brick or stone-blocks. 

The 4- resists the pressure of -ter -.i.1117 b7 its ovn veigbt. Tbe 

baaic fora b : h, is constant. The main forces are -ter pressure 

(increue linearl.7 vitb tbe dqbt), net veipt, .uprard pressure ot 
water vbicb 97 be COllPNHed in tbe bue joint md ice pressure in 

areu e:11P09ed to frost iD periods. 



Fig. !9 
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Pw : w·h 
2 

Gravity dam 

Pi = ice pressure 

Problems i!'l the base joint may be reduced by i:ije-::tion of .:eme::t or 

by draining. ~~e r-rinciple o~ a Gravity ~ or 7riangu!ar Secti0n is 

shovn in enclosll!"e. This dal!l is or interest for small pover-pla:1ts 

be=a~se ~f :~e ~i:nple constr~ction, and tte various building ma.terials 

"'hich may be used. r:- val.led or stone-blocks SU.St have a vatert:ght 

.>lab upstre:i:. 

Rodt~illej !'~ll!o"!r ::!Ill! :s .:cnstr.icted by the same principles as t!".'! 

·;ra•1i:y ::am of Triangular Section, but is less expensive. Because ~f 

the ~ettlecent o~ ~he dam, the log va.lJ.ssnou.ld not be ve::-t:callJ erected, 

and a ... atertight slab must be placed upstream. In Rorvay, pe~t is usu

ally prPfered !or waterproofi:lg. 

Protection 
scour 

Rockfilled timber dam Fig. 20 

-:- -~- ---- = _,... ----

I 
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:!le Amburser- !)e.::a has less veig!lt, and because of t!::is i-;; has an inclined 

upstreSl:I ~!lee to get a verticc cocipo"lent of the vater pressure. The 

!'lr.b is rei::forced and stretched betveen val:shaped pillars, •.;hich is 

spaced 4 to 7 ~. Forces ar-d stability calculations are sic:ilar to the 

Gravity :>em, upvard. pressure excepted. :'his pressure is greatly rf"duced 

be~ause of less contact surface in the ~!lSe. 

A-A 

lFll 
Flot slab deck dam 

?i.g. ~l 

!'he Ambursen Dam is not suitable for small po~er-plar.ts, bat where t!::e 

dam site is short, and a hig!:: embankment is prefered, this ·.iam ma::t be 

of interest. 

Ff!: le!!_~ 
Earth dam, stone/gravel dam and rock.fill dam are the most common types. 

Where impermeaole materials are inavailable, asphalt, peat etc. will 

be of interest "5 vaterproofing materials. 

For fill~d dams use of cheap masses is desired. In most cases the 

masses are not sufficiently compact, and a watertight core is required • 

Thia core is made ot impermeable material or of a cOl:lp&ct material (con

crete, vood, asphalt). 

Fille·1 d&ms for small pover-planta are suitable where the dam profile is 

long, and in c<>11bination with other types of ~ to increase height 

of swell. It is necessary that all the possible filling masses are 

available in the wicini ty c r the dam site. 
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1. Rock facing 
2. Pit run .arth 
3. •mperm.ab&• mat•rials 
4. S•mi - P•r.,,•abt• mat•rials 

Fig. 22 

Common der,-:>minators f'or the dams 

Rocktill Dam with mora1n• cor• 

?ig. , ' 

Fotmdation on ?"lCk is tmnecessary unless for Al:Jburser. !&l!:S, ~c•ever :te 

ground sbould be cleared to hard ground f'or all :is= 'F:.i:i.ec :!.a:ns, .;ra·.r:-::; 

damsi. Spillway is necessary, especially for f::1ed dams ~eca~se :tis ~j-pe 

of dam has little resistance against cver!:cv. For fi:led ia:::s the ;pill•ay 

sbould be separately !ll&de, &Dd to prevent o..-er!'l.ov, f'ree·ocard si".o:.:.!.d 

be placed an adequate distance above hllL ( 4 ml. 

Frteboard 
(0-2m) 

Concrete Dam 

Fig. 24 



Earth dam 

excaveted or blasted gate 

':ype ot dam 

Gravity dam or 

Fig. 25 

To reduce overflow, fiood-gat.es -.y be inst.3.ll.ed. This reduce the 

hei.gt.t or the r~eboard, >;hile si:cul'.:a:.ecu.;;ly, less 11ress a.re "~rr:oved 

during floods. In lll&DY csaes, re1u~ed !~boa.rd~ ~duce ~ne :ost of 

the dam to sue~ an exten~ :hat t.::ie gat.e is prcfi~~cle ~or t:::is :::-easer: 

o~. 

'!b.e !o~lovio.g is a s~ or t!:le :nost imp.:>rttS:J':. a.i•nnt~es ~:i ~s

advantages !or the ..-arious !!lain types o! da::is. Enclosure "J :;t:cvs :.r: 
principle the :ost o~ tte •111riou:; dams. rt :ust :ie nctP.i :!".'.l: tile 

topogra~y. in :::ost :ases, iete:-:::ines ':.he t:r;>e o! jai:;. 

:::nclosure 7, 3, sho•s i::: ?r:::::•?~e Rock-Filled Ca.:n vi:t ~arsine c:re, 

r;ravit:r concrete daa, Amt=sen ~=-

Advantages ~ i ::a.dvant:li:e:: 

Simple construction. :leeds nigh upward press:u-e. ::::.:sl:u.lable 
triangular section little skilled labour. May factual force conditions. :leeds 

be founded on locse ground much concrete (low dams "11AY b~ 
in some cases. walled o! stone in mortar l . 

Ambursen dam liee::s li~tle concrete. Reinforcing. Needs skilled 
(flat slab decit Small upvard pressure. lal::our. Should be rounded on reek. 
Jam) 5-15 l!I 

Rockfilled dam May ~e placed on thick !eeds material deposits in the 
> 5 m layer or gravel. Cheap vicinity or the dam. Separate 

tor big dams. spillway, must not be rlooded. 

2rth dam May be placed on loose Crest level on :. !II above HRV. 
< !.O m uound. Reasonable cost Needs stone cover tJD 11pstream 

ot materials. race. 

Woo:ien dam Cheap and simple construe- Limited durability. 1'feedi: much .. 4 a: tion. May be placed or. mai ntenan<·e 
ground of :;and and stone. 

I ., 
I 

-



Gates 

Stop logs gi-re an inexpensive cut err of smat:. apertures. ':'!!e log:; 

are FlJS!led dcvn in Tertica! ro.!.:i:;. a3 shown by figure 26. 

I I 
I 
I 
I 
I 
I 
I 
Barrier of beams 
Emergency gate 

Fig. 2£ 

Barriers or 'lertical 3esas are 3ui table for :oag snd :ov apertures. 

':'he beaas (llO".>deni are placed v-ertics.11~· in series. 

Barrier of vertical beams 

Fig. 27 

Slidegates or vood or steel are easy to h&ndle. 'nlese gates asually 

g:i.Te a better prctection against :'loods, because or their possibilities 

~or greater depbts. Great lit'ting power is required, and this -Y 

er.tail ~xpensi•e capstans. 
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Slidegata 

Fig. ~'3 
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1. Cross beams 
2. Skin pl~te 
J_ Wormgear operating hoist 
4. Handweel 

:0 ~iose greater apertures, Fixed Roller uates us·.18lly replace 

.:li-:iegates. 

A trash re.c~ 13 ~ecessary to prevent trssh etc. to destroy the tur~ines. 

:t is often ·=onstruct!'d of flat, g&l vanised steel bars spanr:ing fr:::m t'.Jp 

I
. --

Flat 
galvanised 
steelbars 

. 

~ ~ 

~:.·-~~.-J 
[;:~ 
~~---

Fig. 29 

Narrow footpath 

Trash rack 

to bottom and inclines at 2:1. '!'he 

inclination, !.rid the narrov footpsth 

not more t!'lan 0, 5 m abl)ve the we.ter a: 

the top, !lave by experience been foun.i 

to give the ~est performance vith re

gard to cleaning off ice and '.rash 

(fig. 29). The vater velocity through 

the rack should be less than l m/s. 

To ~revent ice on the bars it shculd 

~ =-........ ~------ be dived in areas vith frost, because 

ice on the bars increases tht~ head loss. 



'i'he pover plant's lsyout de~d.3 ~n i':s s:ze a.~d the lJcat:cr. cf 

turbine, generator and transrorcer. 

The building has to ha~ ventilatioc.. ii~:. an·i, in scme cases, li!":.s 

and cranes. 

Fi~ 29 shovs the constructional principle of a su:a.11 paver plant. 

The foundation is made of cJncrete, and is securely fastened t.c tte 

ground. Walls and roof ~ be built or loca.:.y avai:able materials 

(i.e. wood, stone etc.}, but. the wall vhere tte s•itch gear is erected, 

has to be built in solll! incoml>:J.Sti.ble caterial, !l.S for example brick. 

In industrialized areas it ma:r be convi::ient. to use :::m::re-:e-'?lement.s 

or metall-plates (aluminium, ircn). In :rorvay, vr.ere er:.e::s: -;-e use of 

small pover-p:!.nts is practicatle, the ;ios~ibilit.y cf pro~uci::;g stan~ard

ized buildings is teeir.g considered. 

When construc<:ing slll.!Lll power-plants use ::Jf l!!Ot:i:e ::r!llles .;houli te 

prefered. 

The buildi!".g ought to be made a:; sma.!l !l.S possible. r!li S ::an be 11: ~.i '?Ve:i 

by placing part of the eq~pi:ent, as transfcr'l!ler and ventilat.~r •. :n the 

open. 

To make control and replacement of defective parts easier, the rocf or 

one or the valls should he easily move&ble. This permits easy access 

for the trucks to the stationary equip11er.t. 

Where it is possible, turbine and generator Cut;~~ to be placed on a 

frame, vhich should be secured to the foundation. Repair is simplified 

when removal or the vhole frame is possible. With such timesaving devices 

it is also possible to reduce the loss or energy. 

Enclosure 6 shows the total costs or a paver-plant vith building, tur'cine, 

generator etc. 

Note: Several photographs have been omitted due to the 
fact that only a poor copy was produced. 

I 

' 
I 

~ I 
I 
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Constructional arrongment of a power plant 

1. Francis turbine 
2. Valve (Butterfly valve) 
3. Generator 
4. Switchgear 
5. Transformer (If possible it should stay in the open) 
I. Pipe 
7. Walls of sheap materials (wood, brick) 
I. Roof. tasy movable 
9. Crane (not nectsury) 

10. t;rid 
"· ~"o"'• ~metal) 

Pig. 29 

,-
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ROCKFILL DAM 
WITH MORAINE CORE 
SCALE 1: 200 

© 

CD Moraine ©Quarried rock 

(l) Filter @Quarried rock > 1/4 m3 

CD 

@ Transition @Quarried rock, 50°/o > 112 m3 

h1 h2 

(J) Rock plastering 
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Ma• flood le~ 
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NORWEGIAN WATER RESOORCES 
ANO ELECTRICITY BOARD 

A.::..A 
HORIZOH'IAl SkEfCH 

NORWEGl.\N WAJER RESOURCES 
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HYDROLOGY OF SMALL C.\TCllMEllTS 

b1 D. ~dquis~L!!l._drologis~.& The Hzdrological ~~!i_!f~---

Traditional hydrology 

Hydrological data used for planning and operatir.g hydro pover-plar.+;:: 

is based on observed runo!'f series. If an.ilable, the hydro paver ::i.:..annir.g 

is based on i"Uiloff series from the river system concerned, or if +.::-.ese are 

not available, series fr:JC neart>y rivers. For 1uantitati•e esticiates 

precipitation observations are also regularly considered. 

Whee planning pr'Jjects vi th large catciment areas, the hydrological data 

are usua~l:r represented by monthly tlr -eltl.y mean discharges. Hove·.re:-, 

for projects i~ small catchment areas where the pos3ibilit:r of stcr~~e 

resevoirs is lioited, the short time •tariation of the r.Jnoff vi.:.: ~:~y 

an ill!pOrtam; ;:ar: for planning and cperation. Here it vill be !l neces~·;: ~:· 

to make use of daily mean discharge series. 

Today, cooputer simulation prognmme:: play ar. ill!por.ant put in the pl!l.,r.i:ig 

of hydro power projects. Rur.of!' series• preferaHy of 30 years ::.engc.t, 

•hich represent3 the catchment area for the project are used ~s ~no~: 

in the s1otu.ation programme:: for computing the annual power product:or. 

(lcWh). 

Jther input parameters ere reservoir volume, turbine ca.,asity 9.lld 

wate:-•ay dice:isions. Ccmput.ation vith a set of differer.t paremeters 

which gives a set of different outp~t results is used to decide the 

projec~'s iesign. 

?or simpli:ied analysis it is usual to ccnstruct duration curves for 

the :-unof~. Construction of suaaation curves for deciding o~ti~al 

reservoir volume and annual power production has been a ccmr.ior.l:r USP.•! 

technique in the pa3t, cut today simulatiocs by .!omput.er has c•.it.dated 

~he summation curves. 

F~r larger dams there are several regulations and restrir.tion3 regarding 

design and spillway ~onstructior.,which requi~e flood :.ta~i~ti~5 and 

analysis based on runof~ seri~~

equations are al50 in ~s~. 

To decide flood fren_uer.c-y, empiricfll 



The operation strategy of small scale polo-er prc~ect:; :.s usaally 

based on experience, sometimes supplied vith snov surveys in 

the catchment area. 

As small pover-plar.t~ o~en have limited reservcir c~pasities, 

it is only possible to plsn t~e operation strategy ~or sho:-t ;:eriods 

&head. For this purpose hydrological analysis is not general:y ~ed. 

UtiliZing b,ydrological !llOdels 

A brief outline of the traditional use of i:ydrolcgica.:. data ~or planning 

and operating hydro pover stations has been given i!! ti:e previous 

During the las~ years, i:ovever, the ase cf :nathematical 

hydrclogical models as a supplement to the t:-aditicnal hyirolcg:r, 

has been introduced. 

Frequently representative hydrological series are not ~vai:atle ~or 

power plants in sm&ll catchments. Observed series often represent 

much larger areas th:m the small catc:ments concerned. .'!fld ~ •,, even be 

~easured in another river 3ystem. In some projects, hcvever, ~here 

has bee!! installed a temporary discharge static~ representir.g the 

sma:l catchment, but only a s~ortt~rm serie is available, perhaps 

only one or tvo years or record. In this latter case representative 

data excist, but the observation period is too short. 

Both of these ~ydrological data problems can be handled vith •he help 

of a hydrological model vhici:: simulates nmoff series for the catchment. 

Where representative observations are completely missing, the model must 

be calibrated by other available data. The conditions in the model are 

then changeti in accordance with \...·. difference~ be-:·•"!e!l t::e calibra-

tion catchment and the catchment to be developed. When short term 

observations excists, the model is calibr~ted to extend these data to a 

longer serie. 

A c::'llllllOn type of such hydrological models are precipitation-runoff-models 

where a simplified catchment is described by ma.thema~ical expressions. 

This type of model is able to trans~orm observed precipitations data 

into a simulated runoff serie. As an example, the Norvegian SNSF-model 

, I 

I 
I 
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and a practical application vi~l .be briefly described. 

In the SBSF-model the catchment area is devidee into subbasins of 

different character, (~ig. 1), and the •Jater transfer through each 

subbasin is simulated by a system of taclcs. (onsequently o&e set 

of parameters describes the main structure cf the catchment, and a ~econd 

set of parameters describes the individual properties of the subbasins. 

The catcbaent area is !llso devided into different altitade zones for 

computation of areal precipitation and snovmelt, vhich results in a 

third set or parameters describing the topography and cli1:1ate of the 

catci:ment. These three sets of parameters make :t possible to define 

a fairly representative model cf a Norwegian catchmen~. 

When planning four small hydro pover plants in a river nearby Oslo vith 

a catchment area of 465 squnre km, a practical application of the SNSF

model vas done (fig. 2). Since there vere no available runoff data for 

the river, the model vas calibrated vith data ~rom a nearby river system 

(A) and then transformed to the river concerned (Bl by using infornation 

about topography, climate ar.d use r::f land. 'The calibr!ltion vas carri"'d sut 

vith precipitation data fran ganging station no. : and no. 2. When 

simulating the runoff for river B. precipitation data from staticns no. 2 

a.rid no. 3 vere used. By this method an artificial runoff series of 20 years 

length vas simulated for river B. This series vas then used during the 

planning of the four paver-plants. 

During operation or hydro pover systems, hydrological models can also 

be used to give valuable runoff progncses. With an updated model the 

hydrological conditions in the catchment are knovn, and expected input to 

reservoirs and plants can be simulated vith the help of quantitative 

veather forecasts. ~his method has so far not been applied to the opera

tion or pover - plants in small catchments. 
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WATER SUPPLY AID EIEBGIPRODUCTIOll 

b7 'l'. Jen.5"!1 

In m:>tmtanious co~tries like l.'lorvq, water supply ct'ten is based on 

vater vith high static pressure. This t'requentl,T has a head vhich 

_..Jr.Po USE. or pt"eSllvre reduction valves necessary. 'l'he valves will 

prevent use or expensive pipe -terials in the distribution net

work. In lorvq • maxi.mm h7drostatic pressure is not alloved to 

extend TO •· 

The en.era vill be killed in the pressure reduction valves. To pre

vent this one should aia t:> use turbines and thereb7 red'.lce tile pressu~ 

and produce energr. In addition to the J>CIV'!rplant vi th stati0na.ry 

equipment, it is the reinforcement or the penstoc:k to adapi. it to 

tt.e static pressure a.'ld occuional on/off switches, vhich -"es the 

additional costs. 

To lover the cost one shvuld use mechar.ical and electrical equipment 

lll!Ulu!actured i.n great series. The: turbines can be altered pUl!lpS, 

which will have approx. 30 S or the usual turbine cost, but vi th an 

unfavourable efficiency curve (see fig. ll. 

!lavever, the pointed c11.rve is no hindrsnce, t:ecause the flow r.hrough 

the pipe often remain constant. The disr.ribution reservoir takes the 

2; hourly variatioc.~. 

When it comes to service an& ~ntenance, the pump is favourable. 

It also has a relativ'!ly higti r.p.m. vhich does not require a gea.?' 

to raise the r.p.11. to s·.Ut tile generator. When looking at the et'!'i

ciency curve it is obvious that the pump llW!t operate oo constant 

nov. Loacl variations must therefore be arranged by lOad-di vertior: 

by simple adjw.tahle vater resistances. 
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Percent of nominal max output 

-- Efficiency of altered pumps 

- -- Efficiency of a Francis turbine 

Fig. t 

Figure 2 shovs an existing vater !uppl7 plant vnere +.he in!et :3 placed 

at c.l. 800 (800 m above sea-level) and the distribucion reservoir at 

c.l. 230. Four red~c:ion valves are installed from c.l. 800 to c.l. 230. 

An examination bas prowd i·c possible to replace these vitb +.·o10 tur

bines. One of these is supposed to be altered pw:ip. rr.e anr.ual 

energyr~oduction are expected to be 1,8 G\Jh and the total additior.al 

costs are estimated to 1, 70 mill.kr l. l. 79 (US $ 1 ~ 5 ,:J5 Nkr), this 

mems 0,94 Nkr/kWh. The cost does not include taxes. 
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In th~s ca:oe it ;1e.s :-,e;es.:-.?""J -:.o use the -:;xistir.;i; duc:.i!.e :.re,. r::;e 

diameter 2:1c =· r o" 3; . ', . - • --A."! a:rer'!.~e fl::r.1 of u, " !II s w1.1._ give .ne .,e"·· 

~sult co~ared to ~ead :css and energyproduction, but this f:o~ i: 

cn!.y 45 i cf a•rerage .::.s·~:~'!.!"o;e. ':he e.nnua:;, prod·..icticn coul:i !i-:; 5 ,6 :;·.;r. 

if the energyprcuc<: i~r. :-.ai ':J:e:i take:i intc consi.ieration •her. th'! 

water supp;,,y plant was ::::-• .;tr•.!::':.ed. ~e pipe ;r:iuld l::e ccangei :':-JI:J. 

ll!llll 200 to <ll!!lll 4c·:i, ani -:.::-= -:.~-:.al ac.dit!onal ccs~. ·.1ou:d b: 3.~1 :ni:l.~!". 

(See III i:: tab!.e !. • ) 

!-II :'he ';.VO p=s,; it l~ :-- :·.·~~~ta.tions: 
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Average flow m ; s .; ' - . J ,2C: 

, . : .. " 
Annual pr'J !u~t:..a=-: 3-' .. '1-: 

1 .,, 
.... ' ..... J 

':'y"pes o~ :·.:.rt ine.s Pel-:.or. A:. ~ered. pr..i=!p 

J ,.:;) 

?e::cn 

Average e~:'i..:i.-enq ~ : '~,..: .• ~6 

~e cost ::' ::iechani.:::-~ w.i 

J,72 ) ,~ -, 

1,:)3 '!.:i~al ccs: :tl::. k!" :.1. 79 
. ,;q - , _. .... 

The cos-t:. p~r k'J k~: ·:~1: 6. 320 

-': 6,7 Annual ccs-:.s+ r1 :fr.!"=10": :re) 0r-e/i<.~ , , -:. ........ ,_ 

~40 yfarS depreciation ti~e, a 7 % in<:erest rate and 1 ~ :a..~r.ual :naintenance. 

(:JS$ 1:: mer 5,05) 

These examples shovJ tha~ it is econoi:tic favourable with a similar 

utilizaticn of the energy instead of u'!ing pressure reducticn valv!!s 

in .,..ater s·lpp:y :;ilants. 

l 



' . 

- bO -

PROCEE;:JINGS REGARDING PLABNING, OFFICIAL TREATMENT All;) IMPUM:rITATION. 

___ _£l_Q.:.~~~----------------------------------------------

Because of the large number of schemes, a pre-feasibility study, 

comprising plant3 up to 10,000 kW, vill be carried out for the 

whole cou...'1tr.r. This s:~dy is u::ider.ake:; -~;,- the ~c:r.-egian 

Water ~esources and Electricity Board (?r/E) vhich is the official 

body for vater resources and electricity matters in Norway. 

The study starts vith a topographical and hydrological investi-

gation based on available hydrological data and maps in scale 

1:50,000. The office vork is combined vith a field visit ~ 

discussions vith the local staff, in order to get a ~ore realistic 

impression of the projects than map studies can give. The pre-feasi

bility study gives a brief assessment for each project regarding hydro

logical data, reservoir data, vatervays (pipes, shafts, tunnels etc.), 

head, installed capacity, energy output and cost estimate. 

This registration makes it possible for each county to make a schedule 

for wanted developnent of hydro-power. 

With basis in such a schedule, the local electricity bodies may 

apply to the NVE for o!!icial financial suppor1:. for further plan

ning. Such support may be given on special conditi0ns. 

Whether financial planning support is given or not, the next step is 

to develop a more comprehensive feasibility study. Ynis study has to 

include a far more comprehensive technical investigation, beside reports 

considering jur1.dical matters (water rights), ecological and environmental 

consequences etc. 

This feasibility study is the basis for an application to the 

HVE, and further to the Ministry of Oil and Energy, to get appro

val for implementation of the planned scneme. 

In most cases, except pure reconstruction or old plants in their old 

shape, applications according t the vater-right lavs have to be pro

duced. Similar applications according to the electricity lav are re

quired if the voltage is higher than 1,000 V. 
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Appr::ival.s regardir.i; the •at.er-rights are finally giver: by tr.e 

~inistr/ cf 0il end Energy. or by the Parliament (larger ~:~nt.s), 

vhil~ the electri~ity approval is given by the ~'VE. 

The detailed studies and design, together vith preparation of :he 

financial arrangements, normally p~oceed parallel orith ~he fo~ 

appLJ:aticn treatmen~. 

The feasibility _ .udy, as well as the .ietail studies and :-.he ie.si.gr.. 

are carried ::iut by Nor•eg1&n consultants, or in some cases ~y tr.e 

electricity bodies themselves. (Some of the bigger org:inisati~r:s 

have established their own design 1l!d -:c.1struction .Jffi ::es. i 

:'!:.., f'inar.cir.g cf r.ydr-J-:;icver is ncr:r.a.ily errar.~ed by loan 

i;o construction :IlfJ./ begi 'l '.liltiJ the f"·Jrmal approvals are gi •rei:. 

A number of ~o!Vegiar. cor.trac-t.1rs have 3..'l ou:s:anding e;~per::-'>r.c-e 

regarding vater-po~~r :onstr1c~~sn. and ~ost of the vork :.s u::-.)er

taken by these c~ntrac:ors. 

:'he !11.anufact~ring of hydrau'..ic-mechanical and electrical eq,ui;Jr:ent is 

also dominated by !ion.-eg:.an compani.es, although the interna1::.or:al 

competi:ion i~ ! .r ~arder r.ere than f''Jr :he civil vorks. 

Eloth :·or the c~·ri. l vorkJ ( contra:tors) and for tile ciecha:-.ical/ 

electrical equipment, a tender procedure is •.lsual. 
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